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PREFACE

This study is related to the technical development carried out by Posiva Oy for
the disposal of spent nuclear fuel. The aim of Posiva's work is to develop the
rock engineering design and construction methods related to final disposal of
spent fuel in the Finnish bedrock. Currently Posiva is performing site specific
investigations to gather rock mechanical data from the four detailed
investigation sites.

The work has been commissioned by Posiva Oy and carried out by the
Laboratory of Rock Engineering at Helsinki University of Technology. The
preparation and analyses of thin sections were done by Kivitieto Oy.

The following organizations and persons have participated in the project:

Posiva Oy Jukka-Pekka Salo

Helsinki University of Technology,
Laboratory of Rock Engineering Raimo Matikainen

Pekka Sarkka
Matti Hakala
Esa Heikkila
Hani Kuula
Pekka Eloranta

Saanio & Riekkola Oy Reijo Riekkola
Erik Johansson
Jorma Autio



TABLE OF CONTENTS

page

ABSTRACT 1

TIIVISTELMA 2

PREFACE 3

LIST OF SYMBOLS 7

NOTATIONS 9

1 INTRODUCTION 10

2 STRESS-STRAIN BEHAVIOUR OF BRITTLE ROCK 10
2.1 Observed Characteristics 10

2.1.1 Brittleness 11
2.1.2 Observations Based on Laboratory Test Results 11
2.1.3 Microscopic Observations 14
2.1.4 Factors Affecting Stress-Strain Behaviour and Strength 16
2.1.5 Conclusions of Observed Behaviour 24

2.2 Theories 24
2.2.1 Introduction to Failure Theories of Brittlle Rock 24
2.2.2 Elasticity 26
2.2.3 Strength Criteria Based on Primary Mechanics 27
2.2.4 Empirical Strength Criterias 28
2.2.5 Inelastic Deformations 29
2.2.6 Validity of Theories 30

2.3 Computational Methods 31
2.4 Testing 32

3 DETERMINING THE MECHANICAL PROPERTIES 34
3.1 Specimens . 34

3.1.1 Sample Damage 35
3.1.2 Specimen Preparation 40

3.2 Testing System and Test Controlling 40
3.2.1 Testing System 41
3.2.2 Test Controlling 41

3.3 Measuring Techniques 44
3.3.1 Description of Measuring System 44
3.3.2 Measuring with Uniaxial Configuration 46
3.3.3 Measuring with Triaxial Configuration 49
3.3.4 Acoustic Emission Measurements 54
3.3.5 Conclusions of Measuring Techniques 58



59

60

62

64

66

73

77

77

81

85

87

88

88

92

94

95

GNEISS 97

97
99

101
102
103
103
103
105
105
106
107
109
110
110
112
114
117
119

4.5 Conclusions of Olkiluoto Mica Gneiss Testing 123

3.4

3.5

3.6

Experiences from Development of Test Program
3.4.1
3.4.2
3.4.3
3.4.4
3.4.5

Direct Tensile Test
Damage Controlled Test
Loading Rate
Elastic Parameters
Critical Stress States

Recommended Test Configurations and Procedures
3.5.1
3.5.2
3.5.3

Monotonic Compression Tests
Tensile Tests
Damage Controlled Tests

Suggested Interpretation Methods
3.6.1
3.6.2
3.6.3
3.6.4
3.6.5

Elastic Parameters
Critical Stress States
Damage Controlled Test
Acoustic Emission
Statistics

STRESS-STRAIN BEHAVIOUR OF OLKILUOTO MI<
4.1
4.2
4.3

4.4

Test Program
Test Specimens
Physical Properties
4.3.1
4.3.2
4.3.3
4.3.4
4.3.5
4.3.6
4.3.7
4.3.8
4.3.9

Determination Methods
Dimensions
Dry Density
Porosity
Test Time Humidity
P-Wave Velocity
Micro Cracks
Petrography
Grain Size

Mechanical Behaviour
4.4.1
4.4.2
4.4.3
4.4.4
4.4.5

Characteristic of Stress-Strain Behaviour
Elastic Parameters
Strength Parameters
Acoustic Emission
Accumulation of Damaee



RECOMMENDATIONS 133

CONCLUSIONS 138

SUMMARY 141

REFERENCES 146

LIST OF APPENDICES 151



LIST OF SYMBOLS

Roman Letters
E Young's modulus (Pa)
E' apparent Young's modulus (Pa)
G shear modulus (Pa)
K bulk modulus (Pa)
% the inverse of one-tailed probability of the chi-squared distribution

a, b Mohr-Coulomb model parameters
c crack half length ( m )
/ yield function
g potential surface
d& grain size (m )
/ thickness ( m )
mbsa modified Hoek-Brown model parameters
n number of samples (pcs)
r diameter ( m )
s standard deviation
t time ( s )
x value
x
~L lower estimate for value x
x
~u upper estimate for value x

Greek Letters

a fracture surface energy ( J /m 2 )

£•, 2,3 strains corresponding to major, intermediate and minor
principal stresses (m/m )

sa axial strain ( m / m )
st radial strain ( m / m )
sv volumetric strain (mVm 3 )
eve elastic volumetric strain (m3/m3)
eVT crack volumetric strain (mVm3)
sxyz normal strain components ( m / m )
<j) friction angle (degrees)

shear strain components (m/m )



cr, 23 major, intermediate and minor principal stress ( P a )
CT, ' major principal effective stress at failure ( P a )
a3 ' minor principal effective stress at failure ( Pa )
<ra axial stress (Pa )
<xucs uniaxial compressive strength (Pa )
cr c 5 0 uniaxial compressive strength of 50 mm diameter specimen (Pa )
cr c p confining stress ( P a )
erci crack initiation stress ( P a )
£7cd crack damage stress (Pa)
£7p peak stress ( P a )
crt tensile strength ( P a )
ax,y,z normal stress components ( P a )
v Poisson's ratio ( )
V apparent Poisson's ratio ( )

T x y , y z 5 z x shear stress components (Pa )



NOTATIONS

1 A-Nrm Uniaxial compression test with 0.75 MPa/s loading rate

1 A-Slw Uniaxial compression test with 0.0075 MPa/s loading rate

3A-0.5 Triaxial compression test with 0.5 MPa confinement

3A-1 Triaxial compression test with 1 MPa confinement

3 A-3 Triaxial compression test with 3 MPa confinement

3 A-5 Triaxial compression test with 5 MPa confinement

3 A-l 5 Triaxial compression test with 15 MPa confinement

AE Acoustic Emission

ASTM American Society for Testing and Materials

BT Indirect Brazil tensile test

DIN Deutsche Industrie Normen

DT Direct tensile test

GOST Soviet Standard

HUT Helsinki University of Technology

ISRM International Society for Rock Mechanics

KR2 Borehole VLJ-KR2 at VLJ Repository, Olkiluoto

LRE Laboratory of Rock Engineering

OL Olkiluoto

OL-KR10 Borehole OL-KR10 at Olkiluoto investigation site

PAC Physical Acoustic Corporation

URL Underground Research Laboratory

/ Atomic Energy of Canada Limited

VNIMI State Research Institute of Mining and Mine Surveying, St.

Petersburg, Russian

YD21 Borehole VLJ-YD21 at VLJ Repository, Olkiluoto
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INTRODUCTION

Strength of rock, together with complete stress-strain behaviour, in-situ stress,
structural geology and ground water conditions, are essential information for
selecting the depth for the repository of high level nuclear waste. These same
factors also affect the design and excavation methods of deposition facilities.
Safety during the construction period is also related to the strength of the rock and
the in-situ stress state. At present, Posiva is performing detailed site
investigations to supplement the rock mechanical data from the Olkiluoto,
Kivetty, Romuvaara and Hastholmen investigation sites. The potential repository
depth level is designed to be between 300 m to 700 m.

The aim of this project was to develop and qualify a suitable combination of
laboratory tests to establish statistically reliable stress-strain behaviour of the main
rock types at Posiva's detailed investigation sites.

This summary report includes a ) a literature study of physical characteristics,
deformation and failure theories and laboratory testing of crystalline rock, b )
development and qualification of test program and interpretation methods and c )
testing of Olkiluoto site mica gneiss.

After evaluating the test program used based on this study, the work continued
with testing of Kivetty, Romuvaara and Loviisa main rock types.

2 STRESS-STRAIN BEHAVIOUR OF BRITTLE ROCK

The characteristic observations of stress-strain behaviour of brittle rock, the
commonly used theories to describe this behaviour and the test configurations
used to measure it are introduced based on the literature study.

2.1 OBSERVED CHARACTERISTICS

In the following chapter the commonly presented characteristics of brittle material
stress-strain behaviour based on empirical observations and systematic laboratory
test results are presented. First some definition for brittleness is given, followed
by measured and microscopic observations. Finally, the factors affecting the
stress-strain behaviour and strength are introduced.
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2.1.1 BRITTLENESS

Brittleness is the ability of a material to deform continuously and perpetually
without apparent permanent deformations along with the application of stress
surpassing the necessary stress for the microcracking of material (Andreev
1995 ).

The brittle failure takes place when the material shows linearity until the failure
moment, i.e. there is little or no irreversible deformation. When there is some
non-elastic deformation, the failure is quasi-brittle. A fundamental attribute of
brittle failure is the initiation and propagation of cracks. A crack is a cavity
within the material induced by stress acting or having acted ( Andreev 1995 ).
Commonly used synonyms for cracks are flaw and fissure, and the term void is
used for cavity. Some authors also use defined meanings for the terms mentioned.
Since brittleness is at the same time a material property and a kind of deformation
behaviour, the classifications have the same meaning. A given material can be
brittle or ductile with respect to its mechanical properties, as well as with respect
to its behaviour under loading conditions ( Andreev 1995 ). Andreev ( 1995 ) has
gathered and presented 20 indices of brittleness. As an example one index says
that when irreversible axial strain at strength failure is less than 3% the material is
brittle, between 3% - 5% the material is brittle-ductile and above that the material
is ductile.

2.1.2 OBSERVATIONS BASED ON LABORATORY TEST RESULTS

The process leading to failure of brittle rock can generally be described with five
phases ( Bieniawski 1967, Gramberg 1989, Martin 1994 ). In this report the
terminology is from Martin ( 1994 ) ( Figure 2.1.1 ). The names are given based
on the dominating microcrack behaviour, which means that some portion of
mirocracks in a certain orientation or location can be in a different phase. In the
first region the existing microcracks are closed ( I ) . This phase is seen in axial
behaviour, and its existence is dependent on the initial crack density and crack
geometry. After the major parts of the microcracks are closed the material is
assumed to behave as linearly elastic ( I I ) . The elastic parameters of Young's
modulus and Poisson's ratio of rock matrix are defined from this region. The
process leading to failure is initiated with the onset of stable crack growth ( I I I ) ,
referred to as crack initiation stress ( aci). The region is designated as stable,
since an increase in load is needed to cause further cracking. During stable
cracking the cracks tend to grow parallel to the applied load, and therefore can be
identified only from radial strain behaviour. The axial stress level where energy
release per unit crack surface attains a critical value is called the crack damage
stress state ( G^ ). This stress state defines the beginning of the unstable crack
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growth region (IV ), which can be identified from the reversal of the volumetric
strain curve. The crack initiation stress is typically 15% - 60% and the crack
damage stress is typically 40% - 98% of short term uniaxial peak strength ( Shi et
al. 1995 ). The crack damage stress is reported to be the most significant
structural change in rock, since the density of microcracks is increased two to
sevenfold ( Krantz 1979, Hallbauer et al. 1973 ). Finally the material reaches it
maximum load bearing capacity ( a p ) , which sets the beginning for the post peak
region (V ).

Onset of post-
peak region V

Unstable crack IV
growth

Axial Stress
(MPa)

r120
Peak Strength <jp
- temporary hardening

-0.15 -0.10 -0.05
Radial Strain ( % ) \

Measured total
volumetric strain

Calculated Crack
Volumetric Strain

0.250.05 0.10 0.15 0.20

Axial Strain ( % )

Figure 2.1.1 A characteristic stress-strain behaviour of brittle rock, in principle,
(according to Martin 1994).

The increased load bearing capacity above the crack damage stress is a temporary
strain-hardening effect, and the achieved peak strength is merely a classification
value affected, for example, by the loading rate (Martin 1994). Considering the
post peak axial deformation behaviour, rock types are classified into Class I and
Class II (Figure 2.1.2)(Wawersik 1968). Gramberg has classified brittle rock
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into three categories based on the visible destruction types (Figure 2.1.3 )
(Gramberg 1989).
In Martin's latest works it is strongly pointed out that the strength of brittle rock is
made up of two components, cohesion and friction, which are not mobilized at the
same time and the rock damage always means a loss of cohesion ( Martin and
Chandler 1994, Martin 1994 ).

Peak Strength

Axial Strain

Figure 2.1.2 Definition of Class I and Class IIpost peak behaviour
( Wawersik 1968).

B-C B-C

t failure

' E = 80 GPo

LJ •' X
E = 60 GPa

Type I: Lithographic lime stone, glass
R = fracture source

Type I I : Granite, quarzite
axial cataclosis

E = £0 GPa

Failure by splintering in
on explosive way.

Type 3U : Carrara marble
combined catactasis
axial cataclasis * multi shear zones

Foilure by buckling
and by pechng-off

Foilure by shearing-off

Figure 2.1.3 Three destruction types of brittle rock ( Gramberg 1989).
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2.1.3 MICROSCOPIC OBSERVATIONS

The previously described failure mechanism of brittle rock is also widely studied
using optical or electronic microscopy ( Peng and Johnson 1972, Tapponier and
Brace 1976, Kranz 1979, Wong 1982, Howard 1987 and Ichikawa and Wang
1995 ). Before the 90's microscopic observations were mainly done from samples
unstressed from different loading levels, but with current technology the samples
can also be studied under loading conditions.

The microcavities in rock are roughly classified as pores and microcracks based
on the ratio of minimum and maximum opening dimensions, but also more
detailed classifications have been presented. According to Kranz ( 1979 ) pores
have an aspect ratio higher than 0.05. Based on their existence, the microcavities
are classified as trans-granular, intra-granular and inter-granular. Trans-granular
microcracks go through mineral grain(s), intra-granular cracks begin and die out
totally within one grain and inter-granular cracks are grain-boundary cracks
(Figure 2.1.4). Instead of the term granular, crystalline has also been used.

Figure 2.1.4 Classification of microcavities based on existence..

The microscopic observations of crack growth reported by Peng and Johnson
( 1972 ), Tapponier and Brace ( 1976 ), Kranz ( 1979 ), Wong ( 1982 ), Howard
( 1987 ) and Ichikawa and Wang ( 1995 ) coincide in many aspects with
macroscopic observations and measurements. The four sequences leading to
sample failure are generally called: crack nucleation, initiation, propagation and
coalescence. Nucleation is the process of forming new cracks, and it usually takes
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place at grain boundaries. Initiation is the onset of the extension of previously
existing cracks. Propagation means crack extension, and coalescence is the
networking of extended cracks leading to the formation of a fracture surface and
failure of the rock. For fracture nucleation and then further for initiation and
propagation, no single dominant mechanism can be named, but they are dependent
on elastic anisotropy and pore, as well as grain scale unhomogenity ( Figure
2.1.5). Further, it is generally observed that in the pre-strength failure state
microcrack extension tends to coincide with the direction of the applied load
(Howard 1987, Wong 1982 ). The load induced crack extension has a tensile
character (Krantz 1979, Tapponier and Brace 1976 ). New cracks are initiated
from grain boundaries and existing microcavities. The onset of dilatancy roughly
coincides with the appearance of new cracks. The cracks follow favorably
orientated grain boundaries or cleavage planes of minerals. Close to failure,
kinking and shearing of soft minerals exist. Minerals making up of 5-10% by
volume may limit the strength of brittle rock if they are capable of plastic slip or
have high or low elastic moduli relative to other minerals in the rock ( Tapponier
and Brace 1976 ). Finally, the mechanical performance of crystalline rocks can
not be directly related to porosity.

Idealized stress -
crack geometry

Isolated

More commonly
observed coses

Quartz

© Shear
related

, ~ \ Compliont /

© y - --<'

Interface related
Cb) Quartz

Figure 2.1.5 Idealized and observed stress crack associations ( Tapponier &
Brace 1976).

Andreev ( 1995 ) has summarized the mechanism and failure patterns leading to
brittle failure of different rocks. The failure of granite is described as follows:
Micro cracking is always parallel to axial stress ( cr, ) with crack length 2a from
0.1 dg to 2-3 dg ( dg is grain size). Intracrystalline cracks are blunted. Micro-
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cracks start from cavities. Quartz and feldspar create microbeams that afterwards
fail through buckling ( failure of bridges of strong material) as a fault forms the
biotite kinks and serves as a fault lubricant. Some grains fracture but others
remain strong. Microcracks are mainly intergranular. Mica grains are weakness
planes. The rock is linear near the peak strength. Without confinement ( a3 = 0 ),
it fails usually through axial splitting, but at cr3 > 0 it fails through a fault.

2.1.4 FACTORS AFFECTING STRESS-STRAIN BEHAVIOUR AND
STRENGTH

Anisotrophv

The fracture nucleation, initiation and propagation in rock are quite complicated
mechanisms being affected by physical and geometrical factors as previously
described. Therefore it is reasonable to assume certain deviation in stress-strain
behaviour between samples of the same rock type, because the studied material is
never perfectly homogeneous and isotropic in microscopic or even in macroscopic
scale (Figures 2.1.6 - 2.1.8 ). Even in the case of hypothetically perfect
homogenous and isotropic material the stress-strain behaviour is not a constant,
but dependent.on sample geometry, physical conditions and time.

400

Axial Strain ( % )

Figure 2.1.6 Effect of loading direction on Chelmsford granite (Peng &
Johnson 1970)
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Deviatoric stress ( MPa )
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Figure 2.1.7 Variation of peak principal stress difference with the angle of
inclination of major principal stress to the plane of weakness, for
the confining pressures indicated for two rock types (Brady and
Brown 1993).

Cumulative Probability

1.0

0.8

0.6

0.4

0.2

0.0

Lac du Bonnet Granite, URL

—o— Crack initiation,
x = 90.8 MPa
s = 18.7 MPa

- A - Peak,
x = 225 MPa
s = 11.4 MPa

50 200 250100 150

Critical Stress ( MPa )

Figure 2.1.8 Variation of crack initiation stress and peak strength within
identically tested specimens of Lac du Bonnet granite (Laitai et al.
1987).
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Size and Shape

The effect of geometrical factors, i.e the specimen size, the width-height ratio and
the cross-section geometry, can be understood on the following basis. With
changing specimen size, the grain size - specimen size ratio is changed. In this
way the grain scale elastic and strength properties have a different effect on the
internal stress distribution and damaging process. Also the possible amount and
size of natural imperfections is changed. This partly explains the higher strength
deviation of small samples and the lower overall strength of large samples
(Figure 2.1.9 ). In the case of a test specimen, the width-heigh ratio affects stress
distribution in the loading direction and the cross-section geometry to stress
distribution in the perpendicular direction (Figure 2.1.10 ). More generally, by
changing the specimen geometry, the laws of similarity are violated in respect to
stress and strains ( Andreev 1995 ). Andreev ( 1995 ) concludes that the material
can't be studied without also examining the bodies. He continues that the volume
of a body seems to have greater importance than the shape, but ignoring the shape
is unreasonable. He also asserts that size effect is an attribute of brittle fracture
and will get stronger with increasing brittleness.

Uniaxial compressive strength of specimen

Uniaxial compressive strength of 50 mm diameter specimen

\0.1B

0 50 100 150 200 250

Specimen diameter, d ( mm)

Figure 2.1.9 Effect of sample size to uniaxial compressive strength (Hoek &
Brown 1980).
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Compressive Strength ( MPa )

50 -

40

30

20

10

Halite [283]

H / D

1 2 3 4 5

Figure 2.1.10 Influence of the body shape and heigth-width ratio (H/D) on
compressive strength (Andreev 1995).

Load Application

In material testing there is always a contact surface between the specimen and
loading piston. The friction and the planes of contacting surfaces define the
contact forces and in this way the distribution of stresses at the specimen ends
(Figure 2.1.11). Currently direct specimen contact with steel end caps is the
suggested method for laboratory compression tests (ISRM 1981).

Axial
Stress

Perfect
Confinement

Direct
Contact

1 — —
1

1

1

1
1

1

I

1

i

!
!

Teflon
Inserts

Figure 2.1.11 The influence of friction between specimen and loading piston on
specimen deformation (Andreev 1995).
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Temperature and Saturation

The effect of the test environment can be understood by remembering that the
strength of the tested material is, at the primary level, dependent on atomic bond
strengths. The commonly known factors are stress state, water, the chemical
activity of water, temperature and time which are studied as stress corrosion
phenomena. The effect of stress corrosion increases with the increasing stress
state. In the case of Lac du Bonnet granite, the existence of water decreases the
crack initiation stress and the achieved peak strength (Figures 2.1.12 and 2.1.13 ).
The effect of water increases with time, which is known from studies of chemical
reactions. The peak strength of Lac du Bonnet granite is decreased about 30% if
the loading time is one day compared to standard test taking of less than 15
minutes ( Figure 2.1.13 ). The change of test temperatures below 100°C seems to
have minor effect on peak strength and elastic parameters (Figure 2.1.14 ) ( Lau
etal. 1991).

4.6

CO

4.3

4.2

Time to Fracture

Minute Hour Week

Load 188 MPa

Lac du Bonnet Granite
Static Fatigue

Dry, 25°C
Wet, 2S°C
Wet, 90°C

4 6 8 10

Ln ( Time to Fracture, Seconds )

12

100

90

80 (0

70

14

Figure 2.1.12 Static fatigue curves for Lac du Bonnet Granite in three different
environmental conditions (Lajtai et al. 1987).
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Figure 2.1.13 The influence of water on the crack initiation stress for Lac du
Bonnet Granite (Lajtai et al. 1987).
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Figure 2.1.14 Effect of temperature on elastic parameters and strength values of
Lac du Bonnet grey granite (Lau et al. 1991)
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Loading Rate

Furthermore, the application of load is a dynamic process and therefore a purely
mechanical effect of time is also presumable (Figure 2.1.15 ). The dynamic effect
can be seen with high loading or strain rates. With increasing loading time the
limit between dynamic and stress corrosion becomes unclear.

Stress State

As generally accepted, the fracture tends to propagate in a direction of applied
compressive load when tensile stress at the fracture tip exceeds the tensile strength
of the material. Therefore, if an external compressive stress perpendicular to the
loading direction is applied, i.e. confining stress, the material can resist more load
( Figure 2.1.16). The neighboring material also produces confinement by
applying a time varying displacement boundary condition. In many generally
used strength criteria the intermediate principal stress is not taken into account,
although the results from true triaxial tests have shown a clear effect (Figure
2.1.17). Therefore leaving the intermediate principal stress out of consideration
can be taken as only a practical assumption for engineering purposes.
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Figure 2.1.15 Effect of loading rate on compressive strength with different rock
types (Blanton 1981)
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Figure 2.1.16 Effect of confining pressure on stress strain behaviour of granite
(Stavrogin et al. 1995)
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Figure 2.1.17 Effect of intermediate principal stress (Mogi 1971)
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2.1.5 CONCLUSIONS OF OBSERVED BEHAVIOUR

Being greatly affected by many factors, it is generally recommended that the
strength and classification parameters of rock be determined under some standard
conditions, in order to compare results. The International Society for Rock
Mechanics ( ISRM 1981 ) gives suggestions from specimen preparation to
individual tests, but other recommendations such as ASTM, DIN and GOST also
exist. However, if the stress-strain behaviour of rock is studied, then at least the
potential upper and lower loading conditions and environmental factors should be
considered. Most often the specimens are prepared from core samples and the
possibilities to study the grain and anisotropy orientations are limited. In these
cases it is important to record this information and to take it into account when
analysing the test results.

In conclusion and as shown by previous examples( chater 2.1.4 ), the studied
natural material of brittle rock is nonhomogenous, at least at the microscopic
scale, and therefore considerable deviation in stress-strain behaviour is expected.
Based on cases presented, the ± 5% to 20% standard deviation of critical stress
states has to be accepted ( Figures 2.1.6, 2.1.8 and 2.1.12 ). Proceeding from this,
the statistical approach to stress-strain behaviour and to strength is not only
recommended but is inevitable.

2.2 THEORIES

2.2.1 INTRODUCTION TO FAILURE THEORIES OF BRITTLE ROCK

Theories describing stress-strain behaviour and the strength of brittle rock start
from the bending and tension tests of Galileo Galilei in early 1600 (Figure 2.2.1 ).
The oldest theories still used are; Hook's law of linearity ( 1876 ), Coulomb's
shear strength envelope ( 1773 ), Young's modulus ( 1808 ), Cauchy's linear
elastic stress theory (1822 ), Poisson's ratio (1829 ) and Mohr's envelope ( 1900
- 1914). The beginning of the modern theories of brittle failure started from
1921, when Griffith postulated his first concept of brittle fracture.



25

500 BC

250 BC

Pythagoras - Somos

Euchdes- Alexandria
> Early mathtmotics

1600
1678
1773
1806
1622
1629
1691
1900

Galileo Galile: Lmceo
Hooke (linearity:
Coulomb

Thomas Young IE)
Cauchy {stress theory)
Poisson (ml
Voigl

Foppl
1900 -19K Mohr. envelope

1908 Prandtl

1912 Bridgman

1911-1912 Von Ka'rmdn

/ 1920 Griffith-I

1920

1924 Griffith-II

1935 Smekol

1BS9 Schordin ^ 3 S R « ~ 1 9

1956 Axial fracturing in compression

Brazihon test Primary effects

1917 - 1934

Development

of the principles

of soil

mechanics

9

1962-1970 Induction theory

-»- Secondary effects

of failure

Splintering
Crumbling
Grain crushing
Slabbing
Shearing off
Ouasi soil mechan-
ical behaviour

25

Fracture

mechanics

tor
hard rock

t
26

Ellipse-with-notch-and-vanable-axis-ratio

8'S II
ill v

1980 CPE.-equilibria and destressing technics

1967-1968

Post failure

effects

Figure 2.2.1 Historical data of brittle failure characterization ( Gramberg 1989 )

In the context of this work there is no meaning or even possibility to introduce all
the current theories describing brittle failure, because comprehensive presentations
are readily available. The interested reader can study the book 'Brittle Failure of
Rock Materials' by Andreev ( 1995 ), which collects and summarizes the majority
of essential texts and papers published before 1990. In this presentation only a
quick review of the most commonly used theories in practical rock mechanics is
given.
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There are no generally accepted theories at the moment which are able to simulate
the complete stress-strain behaviour of brittle rock. Instead there are numerous
theories with limited validity. Furthermore, the existing theories do not take into
account the environmental factors and size effect, so the user has to take these into
account in selecting the parameter values used. The existing theories can roughly
be classified into two categories: a) those which are based on presumed primary
mechanisms and b) empirical, which fit observed behaviour.

2.2.2 ELASTICITY

To simulate elastic stress-strain behaviour a generalized Hook's law is used
(Equations 2.2.1 ). Young's modulus, shear modulus and Poisson's ratio are
normally considered as constants, but they may also be variants. If the idealized
elasticity is used alone as a material model for rock, the limited validity must be
remembered.

1Y = —TI xy s-, xy

(2.2.1a)

(2.2.1b)

(2.2.1c)

(2.2. Id)

where

<7X, <jy, CTZ

yz> Tzx

E
G

(22Je)

(2.2.1/)

sx,£y,£z are normal strain components (m/m)

Txy >Yyv Ytx. shear strain components ( m/m )
normal stress components (Pa)
shear stress components (Pa)

is Young's modulus (Pa)
shear modulus (Pa)
Poisson 's ratio ( )
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2.2.3 STRENGTH CRITERIA BASED ON PRIMARY MECHANICS

Griffith ( 1921 ) first presented the idea of a failure through crack propagation.
The original Griffith criterion determines the fracture initiation based on the stress
state around an elliptical crack .

where

-,-<73) (2.2.2)

is major principal stress (Pa)
minor principal stress (Pa)
tensile strength (Pa)

In addition to the above stress approach, the Griffith criterion can also be derived
from an energetic basis. From this energetic form Griffith's theory has been
developed by Irwin ( 1960 ). Irwin introduced the stress intensity factors Kj,
which characterize the stress field around the crack in three modes of micro-
failure: I) tensile or opening, II) in-plane shear or sliding and III) anti-plane shear
or tearing. The corresponding critical values KjC are material parameters called
fracture toughness values. This development formed the basis for linear elastic
fracture mechanics ( LEFM ), which is used to study fracture propagation in brittle
rocks.

One criterion developed from Griffith's energetic theory is Cook's criterion
(1965), which Martin ( 1994 ) applied to the study of Lac du Bonnet granite.
Assuming that the critical crack is parallel to the intermediate principal stress and
that the critical angle of the crack to major principal stress is defined by the friction
coefficient on the crack surface, Cook's criterion can be reduced to the form:

\crt\-o) 2 2 (223)

where

a is fracture surface energy (J/m?)
(j> friction angle (degrees)
cr, major principal stress (Pa)
cr3 minor principal stress (Pa)
c crack half length (m)
G shear modulus (Pa)
v Poisson 's ratio ( )
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Concerning the observed strength, Martin ( 1994 ) emphasizes that the friction and
cohesion are not mobilized at the same time. From the given form of Cook's
criteria this can seen as a decrease of the cohesional component with increasing
crack length ( Equation 2.2.3 ).

The original Griffith theory has also been developed by assuming a closed crack
and taking into account the frictional forces acting on the contacting areas. This
has led to a series of formulas developed by McClintock and Walsh (1962 ).

The use and development of fracture mechanics with rock has moreover been
science related. It shows good correlation with test results, but it seems to be in
conflict with scale levels. In other words, the failure mechanisms at the macro-
level differ from the one at the micro-level. In order to overcome this problem,
fracture mechanical criteria should be incorporated with other models to take into
account the macroscopic failure mechanisms.

2.2.4 EMPIRICAL STRENGTH CRITERIA

Because of the imperfection of the fracture mechanical strength theories, the so-
called empirical criteria are still used in current rock engineering practice. The
most generally used are the Mohr-Coulomb and Hoek-Brown. Both operate in
<JJ - 03 stress space and the parameters are selected by curve fitting. The Mohr-
Coulomb is a maximum shear strength criterion ( Equation 2.2.4 ).

(2.2.4)

where

(7, is major principal stress ( Pa )
<j3 minor principal stress (Pa)
a,b are model parameters

The Mohr-Coulomb strength criteria generally leads to unrealistically high tensile
strength. Therefore a tension cutoff criteria is normally used with Mohr-Coulomb
(Equation 2.2.5).

<T3=cr, (2.2.5)

where

<T3 is minor principal stress ( Pa )
G[ tensile strength (Pa)
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The Hoek-Brown strength criterion takes its form from Griffith's fracture
mechanical criterion ( Hoek 1995 ). With this form it can take into account the
observed curvature of the <JJ- crj strength envelope and it does not overestimate
the tensile strength (Equation 2.2.6 ).

cr,
O-, = a3 + a I mh —*- + s\

K a< J (2.2.6)
where
cr,' is major principal effective stress at failure ( Pa )
cr3' minor principal effective stress at failure (Pa)
crc uniaxial compressive strength of intact piece

ofrock(Pa)
,s and a are constants which depend on the composition,

structure and surface conditions of the rock
mass.

2.2.5 INELASTIC DEFORMATIONS

The bearing capacity of material is seldom lost instantaneously after the peak
strength, i.e. after the stress state defined by strength criteria. In the case of brittle
material the majority of deformations are elastic before the peak strength, but after
this plastic, permanent, deformations take place. The bearing capacity is lost with
increasing plastic deformations leading finally to rupture, where material breaks
into two or more pieces. The decrease of bearing capacity is usually described by
the strain softening rule, where the softening is a function of plastic deformation.

The inelastic deformations caused by exceeding the strength are calculated based
on the flow rule. The criteria for plastic flow is formulated in the form of the
yield function / The yield function is normally derived directly from failure
criteria, being negative in the elastic region. The flow rule defines the direction of
the plastic strain increment vector as that normal to the potential surface q. In
other words the strain components are needed to set the stress state back below the
strength envelope. Based on this formulation the flow rule can be associative or
non-associative. The flow rule is said to be associative if the potential surface is
the same as the yield function, q =f.
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2.2.6 VALIDITY OF THEORIES

In spite of the limited validity of the Mohr-Coulomb strength criterion the results
are relatively good in the case of the heterogeneous and commonly anisotropic
material of rock (Figure 2.2.2 ). On the other hand the Hoek-Brown strength
criteria can overcome the imperfectiones of Mohr-Coulomb and moreover the
strength of the rock mass can be estimated. Although being relevant criteria for
practical engineering there are cases and phenomena which can't be described
with these theories. An example is the notch deformation in the URL / AECL
( Martin 1994 ). The results of recent particle mechanic analysis have shown
promising results to get more information on brittle failure and there seems to be
an intention to develop material models for use in continuum mechanics.
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Figure 2.2.2 Validity of Mohr-Coulomb shear strength failure criteria
(Gramberg 1989)
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2.3 COMPUTATIONAL METHODS

In computational numerical methods the straight formulation of traditional stress-
strain laws and strength criteria is dimishing. The moduli and strength parameters
can change as a function of strain or strain rate. For example, a strain hardening /
softening material model can be simulated with Mohr-Coulomb strength criteria
allowing all strength parameters to be a function of plastic strain. Also in a
discretized numerical model a spatial variation of elastic and strength parameters
can be applied resulting in a global behaviour different from the initial material
model.
Particle Mechanics

One of the latest methods in the field of damage and failure mechanism studies is
the particle mechanics approach. It is a computational method simulating inelastic
deformations and fracture of material. The following short presentation is based
on a paper by Potyondy, Cundall and Lee (1996).

The philosophy of particle mechanics lies in the observation, that few materials of
practical interest are perfect. Instead they have some form of disorder i.e. a spatial
variation in local material properties. The length of scale at which the disorder
occurs has a large impact on the macroscopic material behavior, and the process
of fracture is extremely sensitive to disorder. For materials in which the disorder
occurs at the mesoscopic scale e.g., rocks and concrete, the calculation of inelastic
deformation and fracture should be based on a heterogenous model. The
mesoscopic scale means a scale much larger than atomic but still much smaller
than the specimen size. In the direct particle mechanic approach, the inelastic
deformation and fracture of rock is simulated with dense packing of arbitrarily
sized particles that are bonded together at their contact points (Cundall and Strack
1979, Cundall 1988 ). The rigid particles can independently displace and interact
with each other only via soft contacts. The constitutive model acting at particle
contact consists of three parts: stiffness model, a slip model and a contact bond
model. The motion and the movement of particles is modelled using the distinct
element method ( DEM ). The dynamic behaviour is presented numerically by a
time stepping algorithm identical to that used in the explicit finite-difference
method for continuum analyses.
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2.4 TESTING

In the following the most commonly used laboratory tests to study brittle material
are listed. A short description of commonly defined parameters and test
controlling methods is given. Finally the current test facilities of the Laboratory
of Rock Engineering / Helsinki University of Technology are reviewed.
For testing the stress-strain behaviour of brittle rock and to define the parameters
for theoretical or empirical material models the following standard laboratory tests
are usually used;

- Uniaxial compression test ( a2 = a3 = 0 )
- Triaxial (biaxial CT2 = a3 = CTC ) compression test,
- Indirect tension test (Brazil test)
- Fracture toughness test (Chevron Bend or Short Rod Test)
- Sliding test for basic friction angle ( Stimpson test)
- Point load index test
- Sound velocity tests (P- and S-wave velocities).

Besides these standard tests a wide variety of more seldom used tests exists, like
true triaxial test ( cr, ^ a2 * <r3 ), direct tensile test, shearing with compression
(VNIMI method ), compression under uniaxial strain and the single and double
direct shear tests (Andreev 1995 ).

From the tests introduced, the point load index test is a strength classification test.
The sound velocity test can be used to approximate elastic properties and damage
of material and the Stimpson test is only for measuring the basic friction angle.
All the other tests, if adequately instrumented to measure strain components, can
be used to define both elastic and strength parameter values for tested material.

The effective elastic parameters and strength can be defined from the results of the
monotonic uniaxial compression test, triaxial compression test and direct tensile
test. Depending on the rock type the other possible critical stress states can also
be calculated. Triaxial and tensile tests are needed to define the strength
envelopes. With a servo controlled test system it is possible to study the post
failure phase, i.e. the loss of bearing capacity. Some extremely brittle materials
may need very low loading rates near the peak strength and in the post failure
phase. Using the interpretation method introduced by Martin (1994 ) the
mobilization of friction and cohesion can be calculated from the results of strain
controlled cyclic tests, i.e. damage controlled tests. The fracture toughness test is
designed to define fracture mechanics parameters.
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In a general test configuration the axial and radial strains and corresponding stress
components are measured continuously during the test. Besides these commonly
measured values, it is possible to measure the acoustic emission and dynamic
wave velocities. These measurement results give additional information on the
damage process.

To guarantee the comparability of the test results ISRM (1981 ) has given
suggestions for test apparatus, specimen preparation, specimen geometry, test
procedures and interpretation of results. Furthermore it is also recommended to
store the specimens in a controlled environment. The prevailing suggestions of
ISRM (1981 ) do not recommend any loading control method; instead limits for
loading rates are given. The loading control can be axial strain rate, axial loading
rate, radial strain rate or in special cases acoustic emission rate. The loading
control affects achieved peak strength and post failure behaviour.

Generally, in all introduced tests, samples of different size, shape and width -
height ratio can be used. The loading path can be stress or strain controlled and it
can be applied as monotonously increased, static, incrementally raised, cyclic,
cyclic incrementally increased or as a previously recorded function. Also the
sample environment can be controlled. The most commonly studied factors are
moisture and temperature.

The possible anisotrophy and its orientation can greatly affect the defined elastic
and strength parameter values. Therefore it should be noticed and studied. The
systematic study requires samples in preferred orientations, which is not always
possible in the case of long bore holes.

In the Laboratory of Rock Engineering / HUT there are testing facilities to
perform monotonic uniaxial and triaxial ( biaxial ) compression tests, damage
controlled uniaxial and triaxial compression tests, direct and indirect ( Brazil )
tensile tests, point load index tests and wave velocity measurements. The test
system is digitally servo controlled. All measured readouts can be used to control
the test. In the case of uniaxial compression tests and both direct and indirect
tension tests, the test temperature can be controlled in a range of -60°C to 200°C.
With triaxial tests the minimum temperature is 20°C.
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DETERMINING THE MECHANICAL PROPERTIES

Before definition of the mechanical properties of rock the errors caused by the
testing system must be known. The test procedures must be well described in
order to produce repeatable testing and comparable results. Finally the
interpretation must be systematic.

Based on the reported behaviour of crystalline rock and the available test
facilities in Laboratory of Rock Engineering / HUT a test program was set up
to study the possible source of errors from sample preparation to interpretation
of test results. Based on the experiences from the URL / AECL the specimen
can also be damaged to some degree because of the stress relief during the
coring.

The P and S wave velocity, optic microscopy and electronic microscopy were
used to study specimen damage. The loading test program used includes
uniaxial and triaxial monotonic compression tests, uniaxial damage controlled
tests, direct tensile tests and indirect Brazil tensile tests. The use of acoustic
emission measurements in determining the critical stress states was also
employed.

The tests were conducted mainly using high strength concrete specimens. The
concrete was selected as a relatively homogenous rock-like material. As a
reference for concrete a few tonalite, mica gneiss and granite specimens were
also tested. An aluminium specimen was also used to study the measuring
accuracy, jacketing material and interpretation methods.

3.1 SPECIMENS

Normally, the test specimens are prepared from diamond cored samples. The
high insitu state of stress in coring may produce sample damage. The
following introduces the phenomena of sample damage, and three methods to
define and quantify it are tested. Also the conclusions of specimen preparation
are given.
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3.1.1 SAMPLE DAMAGE

When a sample of rock is cored out from a high in-situ stress regime it is likely
that permanent damage is produced ( Figure 3.1.1 ) (Martin 1994 ). The
damaging process in the case of normal sample coring is most likely caused by
tensile stresses ( Dyke 1989). The damage means microcracking of the
specimen, which will be seen as non-linearity in axial response at the beginning
of loading and also as lower crack damage stress (Figure 2.1.1 ). The ultimate
form of sample damage is visually seen as core discing. To assure the right
interpretation of the laboratory defined stress-strain behaviour it is important to
be able to estimate the amount of damage before testing.

Increasing
Horizontal Stress

Visual Damage

No Damage

Axial Stress-Strain
Behaviour

Some Damage

Core Discing

Figure 3.1.1 The damage to a core sample with increasing horizontal in-situ
stress and its appearance in stress-strain behaviour
(Martin 1994).

Methods to Define Sample Damase

The possible methods to define the microcraking of the specimen are optical
microscopy, electronic microscopy, radiochemical methods, ultrasonic
tomography, permeability tests and dynamic wave velocity tests. The first
three methods mentioned can be classified as direct methods, where-as the
others are indirect. As available methods the optical and electronic microscopy
and the wave velocity measurements were studied.
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Core Discing ofRomuvaara Mica Gneiss

In order to test two differently damaged specimens of the same rock type, a
core sample from the Romuvaara stress measurement bore hole RO-KR10,
where core discing exists was studied ( Jokinen 1995 ). The core discing could
be seen only occasionally at two stress measurement locations, at levels 310 m
and 610 m. In the overacting stress measuring method, first a pilot was driven
for the strain gauges and the measuring of deformations was done during the
overcoring. At both depth levels the core discing takes place only on twice
cored samples.

From the 310 m level, three vertical specimens from once and twice cored
areas were cut in the direction of the core radius. The R-specimens ( ring ) are
twice cored and the D-specimens ( disc ) once, far enough from the stress
measurement place ( Figure 3.1.2 ). The diameter of the core sample was 62
mm.

All specimens were impregnated using a fast-curing epoxy resin. The resin
was dyed with fluorescent dye for studying the impregnated fractures in
fluorescent light. Three thin sections from both locations were prepared for
optical microscopy. The thickness of the sections was 0.04-0.05 mm. The thin
sections were studied by a polarization-fluorescent microscope. One opposite
part of both D and R thin sections was prepared for electronic microscopy
( SEM). The specimens were polished and gold-coated.

The microfracturing found was against the presupposition. Because only the
twice cored part of the core sample ( R ) was core disked, it was assumed that
more microfracturing in these samples would be seen. Also the fact, that part
of the R-sample was cored from a higher tangential stress state, accumulated by
the coring of the pilot hole, supports the presupposition. Two possible reasons
for the discovered microfacturing can be given:
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1. The inspected samples are taken on that side of the core sample where the
tangential stresses are lowest. In this area the stress state can be lower
than the in-situ stress after coring the pilot.

2. The core discing phenomena will release the local stresses so that
between the disc-fractures no microfracturing takes place on other parts
of the overcored sample.

Both the above given reasons are preliminary, and no analyses of the
phenomena have been made.

Besides this, large areas in the D-samples were crushed and filled with gray
resin, without any marks of fluorescent dye. It is was assumed that these
crushed areas were produced in the preparation of thin sections. The existence
of water or oil at the impregnation phase may also be one reason for the
observed gray resin.

Hole
direction

V" 0

Thin
section

SEM-sample

Thin
section

SEM-sample

Not in scale

Figure 3.1.2 Specimen preparation for optical and electronic microscopy.
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Figure 3.1.3 Two typical sights from D samples ( negative colors ) , the
medium gray parts are crushed.

Figure 3.1.4 Two typical sights from R samples ( negative colors ) , the
medium gray parts are crushed.

Optical Microscopy Damage Observations ofRomuvaara Mica Gneiss

In samples from both locations the micro fracturing takes place mainly along
the grain boundaries. In D-samples a regular network of microfractures exists,
but in R-samples the microfracturing is not networked ( Figures 3.1.3 and
3.1.4 ). The same features were seen in all thin sections.
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SEM Microscopy Damage Observations ofRomuvaara Mica Gneiss

Neither the gold coating of the specimen nor the SEM system used was suitable
for microcrack observations. It was not possible to identify any microcracks
from the observed specimens; on the contrary, only hard and soft minerals
could be identified from the SEM topography.

Damase Observation by Dynamic Wave Speed Measurements

Martin ( 1994 ) deduced that P-wave velocity is sensitive to crack density and
hence a good indicator of specimen disturbance. In order to study this, P and
S-wave velocities of eight Olkiluoto tonalite specimens were measured before
and after uniaxial testing. The wave velocities were measured in both axial and
radial directions under small constant pressure. The specimens were loaded
under circumferential displacement control approximately to the state where
the axial load had dropped 10% from the peak value. Only visually unbroken
specimens were analyzed after loading. Considering the results, the P-wave
velocity indicates specimen failure while the S-wave does not ( Figure 3.1.5 ).
In the case of the uniaxial test, the P-wave velocity in the radial direction was
the most confident damage indicator.

Dynamic Wave Speed (m/s)

6000

4000

2000

Olkiluoto Tonalite from the Level of 50 m

P1b Pia P3b P3a S1b S1a S3b S3a

Wave Type, Direction and Test Status

Figure 3.1.5 95% confidence limits ofP and S-wave velocities before (b)
and after (a) uniaxial testing in axial (1) and radial ( 3 )
direction.
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Conclusions of Sample Damage Study

From the methods tested, optical microscopy is the most straightforward,
although the studied case was not clear. The disadvantages are small
observation areas and the time consumption. Photo image processing
equipment which can automatically calculate statistical information from
microfracturing may improve the use of optical microscopy. This also enables
a non-subjective quantitative comparison of the microfracturing. The dynamic
P-wave velocity accurately indicated the serious damage, but the usability with
small damage was not studied.

3.1.2 SPECIMEN PREPARATION

In this project all cylindrical test specimens were cut from a core sample. The
cutting was done first by using a diamond disk saw. After that the specimen
ends were made flat and parallel with a grinding machine.

The quality of prepared specimens was controlled by measuring each
specimen. The method was found acceptable to fulfill the ISRM (1981 )
suggestions of specimen end flatness of 0.02 mm and parallelism of 0.001
radians.

ISRM (1981) does not give suggestions for the specimen side wall
straightness, but to analyse the possible effect this information was measured
and recorded.

At the beginning of test specimen preparation there were problems with table
alignment of the grinding machine causing the perpendicularity of specimen
ends to be about 0.005 radians. This is above the accepted value and it caused
sliding of the specimen in compression tests. If the test was not interrupted
quickly enough the specimen was damaged.

3.2 TESTING SYSTEM AND TEST CONTROLLING

In the following a short description of the rock mechanical testing system used
and the methods to control the test are given. Special interest was given to
controlling mode changes and to the control tuning.
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3.2.1 TESTING SYSTEM

The testing system was the MTS 815 Rock Mechanics Testing System, a
computer controlled, servo hydraulic compression machine. It consists of a
2500 kN load cell, load frame, hydraulic power supply, test controller, test
processor and PC micro computer. The description of the testing system is
shown in Figure 3.2.1.

Load Frame
-1.3... 2.6 MN

Instrumentation
Tilaxiaf testing:
•250 kN and 2500 kN load cells
.circumferential extensometer
•axial extensometers (2)

Uniarial testing
•250 kN and 500 kN load cells
•circumferential extensometer
• axial aver, extensometers (3)

Digital and Temperature Controller
• DDC Sen/o Control • Digital I/O
• Data Acquisition • Signal Conditioning
• Function Generation • Valve Driver
. Limit Checking • Readout

PC Workstation &
TestStar Software

User Interface
Test Execution
Development
Environment
Data Storage
Data Analysis
Networking

Digital Closed Loop Control

Pore Pressure Confining Pressure
0...80 MPa 0...80 MPa

Temperature Chamber
-60... +200°C

Figure 3.2.1 MTS 815 Rock Mechanics Testing System.

3.2.2 TEST CONTROLLING

The MTS 815 Rock Mechanics Test System has three independent channels;
axial pressure, confining pressure and pore pressure which can be servo
controlled by 16 readouts. The most commonly used controls are; actuator
displacement, axial force, confining pressure, axial strain of specimen and
circumferential displacement of specimen. The common controlling methods
are constant or constantly increasing or decreasing values. The test is
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controlled by programmed steps. A control step usually has at least one end
criteria. After reaching the end of the first control step the next one is started.
As an example, the following lists a simplified control procedure for a uniaxial
compression test of a 62 mm diameter specimen:

Step 1 Drive to contact with specimen - pump oil to the axial cylinder so
that actuator will move up 0.2 mm/min until axial force is 1.5 kN
or table movement is 5.0 mm

Step 2 Load until radial strain is 1.0%- pump oil to the axial cylinder so
that circumferential displacement will increase 0.003 mm/min until
total circumferential displacement is 1.9 mm.

Step 3 Remove load - pump oil from the axial cylinder so that axial force
will decrease 100 kN/min until axial force is 1 kN

Step 4 Stay in previously defined end state for manual removal of
specimen

Because the test is controlled via measured values, and is dependent on tested
material, the responses have to be tuned. Situations where the right response is
needed are, switching of control mode and the state when the material loses its
strength suddenly. During the testing and discussions with the MTS personal,
the following were brought up concerning the test control and tuning:

- If the control mode is changed during the test, the loading/strain rates of
both modes should be the same, otherwise a dynamic response is to be
expected.

- If axial strain or circumferential displacement is used to control the test
from the beginning, the specimen has to be settled using one or a few
axial load ramps and in the triaxial test also confining pressure ramps.

- Because of the extensometer hysteresis, circumferential displacement
control should be avoided in the beginning of the test, especially with
specimens with a diameter over 62 mm.

The current test control system was found to be reliable and easily controlled.
As an improvement, a macro language type test control and possibilities to
change control values during the test were found.

In this study all compression tests were started with axial load control and
changed to radial strain rate control after -0.01% radial strain but before crack
initiation stress, pre-defined with a few specimens. This control method
enables reliable control for the post failure phase even with Class II behaviour (
Figure 2.1.2 ). Because of the radial strain rate control the axial loading rate
decreases to zero and changes sign at the peak strength ( Figure 3.2.2 ). Both
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tensile tests were done under actuator displacement rate control, which is
practically the most suitable control mode.
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Figure 3.2.2 Stress-strain (a) and loading rate (b) behaviour during
circumferential strain rate controlled test ofOlkiluoto tonalite
(VLJYD21,106m).
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3.3 MEASURING TECHNIQUES

The measuring techniques used with the MTS 815 Rock Mechanics Test
System are described based on the technical information provided by the
manufacturer and qualification tests with well known material. The
qualification is done with uniaxial and triaxial configurations. In the uniaxial
case the extensometer response is also compared with strain gauge
measurements. In triaxial configuration the effect of the jacketing material is
studied. As a complementing method, the instrumentation of acoustic emission
measurements is described.

3.3.1 DESCRIPTION OF MEASURING SYSTEM

In the MTS 815 Rock Mechanics Test System the deformation of the specimen
is measured with direct contact axial extensometers and a circumferential
extensometer (Figure 3.3.1 ). The extensometer configuration is almost the
same as in the uniaxial and the triaxial testing. In the uniaxial testing, triple
averaging axial strain extensometer configuration is used. In the triaxial test
two physically connected, separately read, axial extensometers are used. The
gauge length of the uniaxial configuration can be changed between 25, 50 and
100 mm, while in triaxial configuration it is fixed at 50 mm (Figure 3.3.1 ). In
both configurations the circumferential strain is measured by one extensometer
connected to the chain assembly wrapped around the specimen.

Circumferential Strain
Measurement Package

Triple Averaging Axial
Strain Measurement Package

Simultaneuous Triple Axial and
Circumferential Strain Measurement

Setup in Rock specimens

Figure 3.3.1 Axial and circumferential extensometer configuration in the
MTS 815 Rock Mechanics Test System
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For uniaxial extensometers the MTS reports linearity of 0.15% and hysteresis
of 0.1% of maximum chordal travel ( Figure 3.3.1 ) ( MTS 1995 ). The
changes of test environment affect extensometer reading accuracy (Senseny
1987). The temperature rise of 150°C will shift the zero and change the span
at maximum 3% ( Figure 3.2.2 ). The effect of 100 MPa pressure increase is
0.5% at maximum (Figure 3.2.3 ).
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Figure 3.3.2 The influence of temperature on extensometer span and zero
shift (Senseny 1987)

Change In Span (%)

0.1

ZeroShW(%F.S.)

1.0

a. Span

Figure 3.3.3 The influence of pressure on extensometer span and zero shift
(Senseny 1987)

The axial deformation can also be measured with actuator displacement, but by
using the axial extensometer, the frame deformation, displacements on contact
surfaces and the end effects can be eliminated. The strain gauge deformation
measuring is not included in the MTS system. However in the uniaxial
configuration an external measuring system can easily be used and the axial
force ( or other readout) can be recorded from the MTS on-line output.
The volumetric deformation of tested specimens can't be measured directly in
the MTS testing system although the volume of confining pressure oil is
measured in the triaxial test. The major reasons for this are that the confining
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volume is too large compared to the change in specimen volume and it can not
be guaranteed that the cell is totally free from air bubbles.

3.3.2 MEASURING WITH UNIAXIAL CONFIGURATION

Direct Contact Extensometers

Before the test, the extensometers are installed around the specimen by hand.
The pins of the axial extensometers and the roller of the circumferential
extensometer are pressed to the specimen by extensometer springs. It can be
assumed that some movement can take place after installing. This was studied
by installing the axial and radial extensometers on the 62 mm aluminium
specimen and recording the read outs for one day. During the first hour the
measured strains were very small, at maximum 0.001%, but trends over the
measuring accuracy can be seen ( Figure 3.3.4 ). The measured axial strains
were at maximum 1% to 2% of typical failure strains of the Olkiluoto site rock.
These strains can also be explained by the 1°C temperature change of the
specimen or extensometers, which can easily be assumed in normal test room
conditions. Based on this quick study it is recommended that in long run tests,
taking over one hour, it is reasonable to also measure the temperature near the
specimen.

Strain (%)

0.003%

0.002%

0.001 %

0.000%

-0.001%

-0.002 %

-0.003% -

-0.004%

Aa

I.
i ,4|

A I XM^f/* Ar

1KB
— A a - Axial Strain, No Oil

Ar - Radial Strain, No Oil

— B a - Axial Strain, Oil

Br- Radial Strain, Oil

! ! I I

yf
i] • Br

"M Ba

}I

1E-4 1E-3 1E-2 1E-1

Time ( h )

1E+0 1E+1 1E+2

Figure 3.3.4 Measured axial and radial strains of a 62 mm diameter
aluminium specimen under normal test room conditions and
without any load.
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The qualification tests with aluminium, rock and concrete showed a
circumferential extensometer hysteresis related to starting and reversal of the
displacement direction ( Figures 3.3.5 and 3.3.6 ). The hysteresis is caused by
the chain assembly and the friction between the specimen and the chain. The
strain gauges or direct measuring the change of specimen diameter with the
same extensometer, does not indicate hysteresis. The measured hysteresis was
between 0.002% and 0.008% during the first 0.01% radial strain. According to
MTS these numbers are not outside normally expected hysteresis values for the
chain attachment. To decrease the hysteresis, tight extensometer tensile springs
are recommended and the friction between the rollers and the specimen surface
might be decreased by applying a lubricant. Also a correction can be used
since the hysteresis should be repeatable for a given material. An attempt to
correct the radial strain hysteresis was made, but it showed that the hysteresis
depends on tested material, loading rate and even on individual specimen.
Therefore, it is most important to be aware of the amount of hysteresis relative
to the magnitude of measured chordal travel. The effect of measured hysteresis
on defining the laboratory parameter values is further studied in chapters 3.4.4
and 3.4.5.

Axial Stress { MPa)
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B - Strain Gauge

C - Corrected Extensometer

D - Correction Curve

-0.04 % -0.03 % -0.02 % -0.01 % 0.00 %

Radial Strain (%)

Figure 3.3.5 Radial strain of a 62 mm diameter aluminium specimen
measured by circumferential extensometer and tangential strain
gauges, amount of hysteresis, correction curve as function of
axial stress and corrected strain curve.
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Axial Stress (MPa)
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Figure 3.3.6 Radial strain of a 62 mm diameter tonalite ( VLJ YD21 50.3 m)
specimen measured by circumferential extensometer and
tangential strain gauges, and the corrected strain curve.

Strain Gauges

As an alternative and widely used measuring technique, the strain gauges were
tested to measure the radial strain. For 62 mm diameter aluminium and
tonalite (VLJ YD21 50.3m ) specimens the radial strain was measured using a
circumferential extensometer and strain gauges. Two axial and four radial
strain gauges were used. The number of strain gauges used proved to be too
few producing high deviation in measured values and therefore the general
behaviour instead of absolute values was considered ( Figure 3.3.7). In both
cases repeatable hysteresis was measured using circumferential extensometers,
but strain gauges indicate almost a linear behaviour (Figures 3.3.5 and 3.3.6 ).
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Figure 3.3.7 Average stress-strain behaviour oftonalite ( VLJ YD21 50.3 m)
and the readout of each strain gauge.

3.3.2 MEASURING WITH TRIAXIAL CONFIGURATION

In triaxial testing the specimen has to be sealed to prevent confining oil from
penetrating the specimen. Based on the results of uniaxial measuring
techniques a similar study was done with triaxial configuration. To minimize
effects from the test specimen the jacketing material was tested with the same
specimen as in the uniaxial case. First the zero load reading accuracy and the
stability of sealing material was tested. After that deformations related to the
confining ramp were evaluated. Third, the phase of axial load application was
studied. In addition to the commonly used rubber jacket, copper tape and
Teflon® treatment were studied as alternative materials. The alternative
jacketing materials were studied in order to prevent the deformations of
relatively thick and soft rubber.

Jacketins Materials

Mainly two materials, a 0.5 mm thick EPDM rubber jacket ( Teknikum Oy,
Finland ) and a 0.08 mm thick electric copper tape ( Scotch Ltd., USA ), were
tested as jacketing materials ( Figure 3.3.8 ). With both jacketing materials
eight concrete specimens were tested. With two confining pressures, 0.5 MPa
and 5.0 MPa, four radial strain loading rates (from 0.15% / min to 0.00015% /
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min) were used. Also one specimen with Teflon® treatment was tested. The
Teflon® treatment produces a thin leakproof layer on the sample surface. In all
cases the radial strain is measured by a circumferential extensometer.

Figure 3.3.8 Principles of specimen jacketed with vertically (a) and
horizontally (b) aligned copper tape and with rubber sleeve (c).

During the tests both the electric copper tape constructions were found
unsuitable, producing errors to measured axial deformation of the specimen.
The two test configurations were analysed using a finite difference code FLAC
(FLAC 1995 ). The simulation showed that despite the confining pressure, the
glue of the copper tape will slip, producing the unwanted behavior. Based on
one specimen, the Teflon® treatment functioned well until the fracturing of the
specimen surface, which broke the thin layer and allowed oil to penetrate into
the specimen. The non-fractured parts of the specimen were free of cell oil.

Accuracy of Zero Load Readme and Stability of Jacket

Three tests were made with a 62 mm diameter aluminium specimen jacketed
with EPDM rubber to study the possible time dependent deformations of the
jacket. The first test was done without confining oil, the second with confining
oil, and the last with a 0.5 MPa confining pressure.

In a hypothetical test condition where no oil exists, it takes about an hour to
settle the rubber jacket, and after that a slow straining continues (Figure
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3.3.9 ). Considering the axial behaviour which is dominant, it can be assumed
that some stresses remain after putting the jacket on the specimen. When oil is
present it can clearly be seen that the rubber jacket used reacts with oil. With
confining pressure the axial strain is almost zero, possibly because of the
friction between the specimen and jacket, but in the radial direction the jacket
swells continuously, causing an average 0.0075% radial strain per hour.
Therefore an EPDM rubber jacket is not suitable for a triaxial test, taking over
2 h, because the deformation of the jacket causes over 10% of radial failure
strain and an accurate correction can't be guaranteed.

Jacket deformation during the application of confining pressure

Before any triaxial testing, the confining pressure is applied and kept constant
at the desired test level. If no special configurations are made, the confining
pressure affects all specimen surfaces (i.e. as hydrostatic pressure ). Before
the confining pressure the specimen was driven into contact with a 0.5 MPa
axial load to keep it in the controlled state. The axial response is linear and
repeatable, and no great difference exists between different jackets. The
measured axial strain can be approximated using an analytical solution based
on Hookes law.
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Figure 3.3.9 Measured axial and radial strains of a 62 mm diameter rubber
jacketed aluminium sample under normal test room conditions.
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The radial strain behaviour clearly shows the need for the confining ramp
before the test (Figure 3.3.10 ). During the first pressurising ramp the
response is softer and permanent deformations take place. After the first
confining ramp the radial strain measured on the rubber jacket is about 60%
higher than the true radial strain of the tested specimen. This can also be
calculated analytically if the diameter of the specimen, thickness of the rubber
jacket and the shear and bulk modulus for both materials are known. As a
boundary condition, perfect contact between specimen and jacket are assumed.
In basic triaxial testing the confining pressure is not changed during the test.
Therefore no deformations associated with jacketing material have to be taken
into account, if the extensometer readouts are resetted after applying the
confining pressure.

Confining Pressure ( MPa)

Concrete with Rubber Jacket

Concrete with Teflon

0.000% 0.004% 0.008% 0.012% 0.016% 0.020%

Radial Strain (%)

Figure 3.3.10 Radial strain behaviour of concrete specimen measured with
different jacketing materials.

Jacket Deformation During the Application of Axial Load

When the axial load is increased in the triaxial test, it is assumed that the
jacketing material is deformed axially with the specimen. In the case of the
rubber jacket this assumption seems to be fulfilled,
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Estimation of the Error in Radial Strain Measurement Caused by Jacket

Axial compression of the specimen will also cause a radial deformation of the
jacket, which is measured with a circumferential extensometer. An analytical
solution for the maximum error in the measured radial strain gives a -8.3%.
This solution assumes a 0.5 mm thick non-compressive (v = 0.5 ) rubber jacket
and perfect bonding between rubber and specimen. This means that the
measured radial strain is more than the true radial strain of the specimen.

Since the chain of the circumferential extensometer is held by tensile springs,
the expansion of the specimen radius will increase the chain pressure against
the jacketed specimen. For the 62 mm diameter specimen the initial chain
pressure is about 0.06 MPa, resulting from the 15 mm extension of the springs.
From this basis and taking into account the compressibility of the jacket it
implies that the error in the measured radial strain will be less than 0.05%.

Evaluation of Errors in Triaxial Test Configuration

In the case of a normal triaxial test there are errors in measured radial strain
which evidently take place during the test and therefore can not be totally
eliminated. The most significant are the hysteresis of the circumferential
extensometer, the time dependent deformation of rubber and the radial strain of
the rubber jacket. In case of a 62 mm diameter concrete specimen with a
0.5 mm rubber jacket and a 0.5 MPa confining pressure, the accumulated error
is acceptable if the test takes less than half an hour ( Figure 3.3.11 ). With a
few hours run-time the correction is still small compared to the measured
value, and can be done. If the test takes tens of hours the error will be of the
same magnitude as the measured value, and the correction is no longer reliable.
Based on this study no notable errors in measured axial strain could be pointed
out.
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Figure 3.3.11 Measured radial strain of concrete, errors by roller chain and
rubber and the corrected radial strain.

3.3.3 ACOUSTIC EMISSION MEASUREMENTS

In addition to normally used strain measurements, acoustic emission
measurements give direct information of micro cracking. The following
introduces the basic idea of acoustic emission and the measuring system used.

Idea of Acoustic Emission

Based on the knowledge of brittle failure the process leading to failure is
caused primary by the initiation and propagation of microcracks. The strength
failure is associated with crack coalescence and the rupture is seen as shearing,
buckling, pealing off and spalling. When the microcrack is initiated and
propagated, the dominant initial failure mode is tension. In tensile failure and
also in other failure modes, a sudden strain takes place emitting an elastic
wave. This phenomena is called acoustic emission (AE ). The polarization of
the emitted elastic wave is dependent on the failure mode.

The crack initiation stress state corresponds to the initiation of microcracking ,
meaning also the initiation of an acoustic emission. It can therefore be
assumed that there is a constant increase in emission with the constant increase



55

of load right after the crack initiation stress. Continuing this idea, a divergence
of constant increase takes place after crack damage stress. Martin ( 1994 ) has
reported difficulties in identifying the crack initiation stress. Therefore the
possible advantages of using acoustic emission measurements were studied.
Additional information on the damaging process and development of strength
failure was also expected.

AE Measuring System

The four channel AE system used was manufactured by Physical Acoustic
Corporation ( PAC ). The system configuration used consists of ( Figure
3.3.12):

- One wide band piezoelectric transducer (PAC WD), with operating
range of 100 to 1000 kHz.

- One 20 -1200 kHz bandwidth preamplifiers (PAC 1220A) with 100 -
1200 kHz band pass filter (PAC 1220A-600B).

- The AE analyser (Model 3104).
- PC/CPM control/data collection unit (Model 3000).

A E -
Analysator

PC / CPM

Pre-
Amplifier

Data Conversion

Sensor

PC / DOS

AE
Source

Control &
Acquisition

Data
Analysis

Figure 3.3.12 Acoustic emission measurement configuration.
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In the system used the data acquisition can be controlled by the following
factors:

a. the preamplification level can be changed between 40 dB or 60 dB.

b. in the AE analysator the signal amplification level can be changed over a
rangeof0to20dB.

c. after filtering and amplification of the signal a threshold voltage for an
event and count detection is set (Figure 3.3.13 ). The threshold range is
Oto 10 volts.

d. finally the selected death time assigns the time span for one event.

The first hit from any channel above the threshold value starts the count
collection time period for one event. After the death time all sensors are ready
to detect the next event. In all tests the pre amplification was 40 dB, no
analyzator amplification was used, the threshold value was 0.1 V and the dead
time was 0.5 ms.

Based on selected acquisition control equipment and values, the system records:
timing between channels, duration, sum of counts, energy, maximum amplitude,
rise time and three external channel values for each event ( Figure 3.3.13 ).
During the tests the axial force from the MTS test system was recorded as an
external channel to synchronize the AE data with the stress-strain data.

The AE transducer was fixed on the specimen with a rubber band. An
aluminium spacer was used to fit the transducer with a round specimen surface
(Figure 3.3.14). A silicone grease couplant ( Hoch-Vakuumfett / Wacker -
Chemie GmbH, Miinchen) was used to improve the wave transfer between the
rock surface and the transducer.

Prior to loading, the transducer connection and the AE system were tested with
an AE reference source. The AE reference source is produced by breaking a
0.5 mm diameter, 3 mm long 2H pencil lead using a Teflon guide ring. For an
acceptable configuration approximately 90 dB maximum amplitude is required.
This test is generally known as the 'pen test'.
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Figure 3.3.13 Parameters describing an AE event (Pollock 1989)
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Figure 3.3.14 Horizontal cross-section of AE sensor installation construction.
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3.3.4 CONCLUSIONS OF MEASURING TECHNIQUES

During development of the test system it was quite clearly seen that there are
no reasons to use other deformation measuring systems than the MTS axial and
circumferential extensometers. Those are easy and quick to install compared to
strain gauges. The gauge length is large enough to give representative average
values, the number of failed measurements is small and they are accurate
enough. The only disadvantage is the nonlinear behaviour related to the start of
radial strain and the change of strain direction. Therefore the circumferential
displacement can not be used as a control read out in the beginning of loading,
but only after a -0.01% radial strain. The amount of hysteresis is notable with
specimens of 100 mm diameter. If the hysteresis will be corrected the tested
material should behave elasticly until -0.01% radial strain or alternative
measuring techniques must be used simultaneously.

In triaxial testing the EPDM rubber is the most suitable of the tested jacketing
materials, although causing significant errors in long-run tests. In short-run
tests ( less than 2 hours ) the behaviour is predictable enough and can be
calculated. It is also leak-proof in case of specimen rupture and large
displacements. Anyhow, especially for long-run tests, a better oil resisting
rubber quality is recommended. The Teflon® treatment would be ideal
jacketing material, but it will not tolerate large strains related to post peak
behaviour.

The AE measurement system used was quite old with general purpose
equipment operating mainly in the 100 kHz to 300 kHz frequency range. The
system records the event with characteristic parameter values, but further signal
analyses are not possible. Therefore no values for dominant frequencies were
obtained. During the measuring the data was stored on floppy disks making
the data collection unreliable. Several few second gaps took place in the case
of disk data errors. The AE system integrated PC computer had a CPM
operating system from which the data was transferred to a normally used
PC/DOS environment. This data transfer and conversion was very time
consuming. Although being moderately unsuitable for measuring the acoustic
emission of rock, the system used was adequate for this preliminary test.

The results of these three cases presented shows that the changes in cumulative
AE count behaviour corresponds well with the states of brittle failure as
defined by stress-strain behaviour. Also the critical stress states defined from
volumetric strain curves can be seen in AE behaviour. However the same
critical strength parameters can't be defined from AE results alone. For
example, with granite the onset of AE coincides with aci, but in the case of
mica gneiss the change from linear response to exponential response correlates
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with aci. These observations coincide with the idea, that if defined from
volumetric strain curves the defined critical stress states correspond with
dominating fracturing behaviour. In the case of mica gneiss this means that the
new crack volume becomes dominate at the axial stress of 46 to 49 MPa,
although the most favorable cracks initiate at 6 MPa axial load. The AE results
also correspond well with experienced stress-strain behaviour. In test
conditions tonalite behaves 'smoothly' forming a shear plane without rapid
strength failure, whereas mica gneiss failed violently without any previous
signs. It can be concluded that AE results help in understanding and
interpreting the stress-strain results and in defining the critical stress states.

3.4 EXPERIENCES FROM DEVELOPMENT OF TEST
PROGRAM

Based on previous experiences in LRE/HUT, URL/AECL and results from
literature study a suggestion for a laboratory test program was made. This test
program included a uniaxial compression test, triaxial compression test, cyclic
uniaxial compression test, direct tensile test and an indirect Brazil tensile test.
The elastic and strength parameters and the critical stress states can be defined
from the results of the uni- and triaxial compression tests. With these same
tests the effect of the loading rate is evaluated. The results from URL reports
about 30% strength reduction for tests taking 6 hours compared to the normal
15 min test time. The effect of sample damage to elastic and strength
parameters can be interpreted from the results of the cyclic uniaxial
compression tests. Based on assumptions of Cook's fracture mechanical yield
criteria, the development of internal friction and cohesion can also be
calculated. For direct tensile tests lower strength values than for indirect
tensile tests (Brazil test) are reported. In this configuration it is also possible
to measure the axial and radial deformations.

The tests were done mainly using high strength concrete specimens. The
concrete was selected as being a relatively homogenous rock-like material.
The target value for uniaxial compression strength was 110 MPa, which is
slightly higher than previously reported for Olkiluoto mica gneiss ( Kuula
1994). The maximum grain size of 5 mm for a 62 mm diameter specimen was
selected to fulfill the ISRM (1981) suggestions for grain size - sample size
ratio. As a reference for concrete a few Olkiluoto VLJ cavern tonalite and mica
gneiss and Otaniemi granite specimens were also tested. An aluminium
specimen was also used to study the measuring accuracy, jacketing material
and interpretation methods.
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The following presents the experiences of test program development, focusing
on new test configurations and interpretation.

3.4.1 DIRECT TENSILE TEST

As an alternative to the indirect Brazil tensile test, the direct tensile test is
experimented with to define the tensile strength of rock. The stress state in a
direct tension test is theoretically clearer than in an indirect test, but it is also
more sensitive to imperfect specimen shape and mounting. Generally the direct
tensile test gives lower strength values, which can be understood by seeking the
weakest link of the specimen. Before this study a few preliminary direct tensile
tests had been conducted in the Laboratory of Rock Engineering.

The direct tensile test can be done with the same specimens, measuring and test
system as the compression test. In addition to the indirect Brazil tensile test the
axial and radial deformations can be measured directly. To apply tension the
specimen ends are glued to steel end caps. The end caps are screw mounted to
direct tension test fixtures (Figure 3.5.3 ). The tension fixture has a spherical
joint to confirm direct tension and to prevent any moments.

Based on these experiences it is believed that the direct tensile test can be used
successfully, but attention should be paid to gluing techniques. If the endcaps
are cup-shaped, the gluing of specimen sides to the endcaps must be prevented.
From glues tested the 3M Scotch-Weld DP 190 Epoxy Adhesive was found to
be the most suitable, having a contact strength of clearly over 10 MPa. The
measured axial and radial strains are reasonable compared to corresponding
compressive values ( Figure 3.4.1 ). It is recommended that the test be
controlled by actuator displacement and that the longest possible axial
extensometer gauge length be used, because the location of tensile failure can
not be predicted. The radial strain corresponding to the tensile failure is below
0.01%, which was found to be a non-linear hysteresis range in compression
tests. Therefore a study of an alternative measuring system is recommended.
One possibility can be a strain gauge.
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3.4.2 DAMAGE CONTROLLED TEST

In damage controlled tests the specimen is cyclicly driven under radial strain
control over peak strength to the post peak region. With each loading cycle
permanent damage is produced. Assuming that a) the damage always means
the loss of cohesion, b) the crack damage stress is a true strength of the rock
and c) the formulation of Cook's fracture mechanical criteria, then the
development of internal cohesion and friction angle can be calculated from the
results of a damage controlled test ( Martin 1994 ). To present the results of a
damage controlled test Martin ( 1994 ) has introduced a damage parameter
(co ), which is defined as the cumulated permanent volumetric strain.

I three n pilot tests concrete specimens were run uniaxially to -0.2% radial
strain in -0.01% increments. The loading rate was 0.015% / min. Compared to
the monotonic test, no essential information of stress-strain behaviour except
for peak strength was missed in the damage controlled test (Figure 3.4.2).
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Figure 3.4.2 Stress strain behaviour in damage controlled test and in two
monotonic tests.
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The damage to the specimen was clearly seen in radial strain behaviour.
During the 20 cycles Young's modulus decreased 10%, while Poisson's ratio
increased by 144% ( Figure 3.4.3 ). Although the tests were not conducted
long enough to see the peak strength drop, the development of the crack
damage stress was seen. Starting from 0.075% damage, the crack damage
strength dropped dramatically, being equal to crack initiation stress at 0.1%
damage. Any sizable changes in the peak strength and crack initiation stress
were not seen. Martin (1994) explains this behaviour by development of
friction when the cohesion is lost ( Figure 3.4.4).

Based on the results, the damage controlled test was found to be reliable and
informative compared to a normal monotonic compression test. Until now it
seems to be the only reasonable choice to present the damaging of rock in
parametric form. As a disadvantage the test itself and interpretation are time
consuming.
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Figure 3.4.3 The development of Young's modulus (E) and Poisson 's ratio
( v) as a function of specimen damage.
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Figure 3.4.4 The development of internal cohesion (c) and friction angle
as a function of specimen damage.

3.4.3 LOADING RATE

The effect of loading rate to determine critical stress states was studied because
of the results from URL / AECL ( Martin 1994 ). Both the high strength
concrete and Olkiluoto tonalite ( VLJ YD21 ) were tested using four radial
strain rates from 0.15% / min to 0.00015% / min.

With both high strength concrete and Olkiluoto tonalite ( VLJ YD21 ) the
clearest difference of decreasing the loading rate to one-onethousandth was
approximately 10% loss of peak strength (Figures 3.4.5 and 3.4.6). The effect
on post failure behaviour was not clear in uniaxial loading, but in the triaxial
case the strains corresponding to the peak strength seem to increase with a
lower loading rate (Figure 3.4.7).
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Figure 3.4.5 Stress-strain behaviour ofuniaxially tested pairs of 62 mm
diameter concrete samples with three loading rates.
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Figure 3.4.6 Effect of loading rate on uniaxial stress-strain behaviour of 62
mm diameter Olkiluoto tonalite samples ( VLJ YD21 106 m).
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Figure 3.4.7 Effect of loading rate on stress-strain behaviour of
differently confined 62 mm diameter concrete samples.

3.4.4 ELASTIC PARAMETERS

In chapter 3.3 it was shown that the radial extensometer hysteresis and
jacketing material produce errors to measured strains. In the following, the
effect of these errors on elastic parameters is studied. First the definition of
elastic parameters is given and the terminology of true and apparent parameter
value is clarified. After that the elastic parameters are defined in the best
possible case ,Le. known material in a uniaxial test. In the next case
interpretation from triaxial test results with the same known material is studied.
Test results of rock and concrete are analysed as a true case.
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Definition of Elastic Parameters

Elastic parameters describe the linear stress-strain behaviour of studied
material. With many rock types this linear part is not clearly seen and therefore
elastic parameters are defined as secant values from a certain stress range.
Apparent elastic parameters can be defined as a continuous function for the
pre-peak region. The apparent elastic parameters therefore include the closing
of existing microcracks in a low stress region, the growth of new microracks
and finally the plastic deformation before strength failure.

One of the most commonly used pair of elastic parameters are Young's
modulus ( E ) and Poisson's ratio ( v ). Young's modulus describes the
dependence between axial strain and axial stress, and the ratio between radial
strain and axial strain is called Poisson's ratio ( Figure 3.4.8 ). For the
corresponding apparent values the symbols E' and v' are used. In formulation
of elastic stress-strain laws the pair of the bulk modulus ( K ) and shear
modulus ( G ) are also generally used. In the case of uniaxial or triaxial tests
Young's modulus and Poisson's ratio are normally calculated because the
defining strains and stresses are measured directly (ISRM 1981).
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Figure 3.4.8 Definition of Young's modulus (E) and Poisson 's ratio (n)
from measured stress-strain behaviour.
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For hard crystalline rock the elastic region can typically be found, but
sometimes the structure of rock, accumulated damage and measuring
techniques can make accurate definition difficult or even impossible. Instead
of defining elastic parameters from loading, Vutukuri et al. ( 1978 ) and Li and
Nordlund ( 1995 ) suggested defining these from the unloading of axial stress.
Vutukuri et al. ( 1978 ) also gives special triaxial conditions for determining
Poisson's ratio.

Elastic Parameters from Uniaxial Test Results of Known Material

As a reference case the elastic parameters of a 62 mm diameter aluminium
specimen were defined using curve fitting (Figure 3.4.9 ). This method makes
it possible to define both apparent elastic parameters as tangent value functions.
Considering the development of the apparent Poisson's ratio, the effect of
radial extensometer hysteresis in loading and unloading is clearly seen. The
error in Poisson's ratio after -0.01% radial strain is 6% to 7.5%. Defined as
secant for the whole axial stress range Poisson's ratio would be 0.295 in respect
to the true value of 0.321. The axial strain also shows slight hysteresis causing
a maximum 4.4% error in Young's modulus of 70.2 GPa. This uniaxial case
with an aluminium specimen showed the definition of elastic parameters in the
most favorable case if no hysteresis corrections are done.

Elastic parameters from triaxial test results of known material

As a second case, the same aluminium specimen jacketed with 0.5 mm thick
EPDM rubber was studied. Based on the results, the rubber jacket causes
notable error to the apparent Poisson's ratio, but the apparent Young's modulus
can be defined accurately enough (Figures 3.4.10). To eliminate the effects of
the rubber jacket, a linear time dependent correction for radial strain was made.
Comparing the corrected apparent Poisson's ratio with the case without the
jacket it can be concluded that the correction is acceptable although the effect
of the rubber jacket can not be totally eliminated. It is also clear that the elastic
parameter values can not be defined from unloading behaviour, because of the
hysteresis of the radial extensometer.
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Figure 3.4.9 Axial and radial strain curves of a 62 mm diameter aluminium
specimen (a) and the apparent Young's modulus and Poisson's
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Figure 3.4.10 Apparent Young's modulus (E'), Poisson 's ratio ( v') and
corrected apparent Poisson's ratio of a 62 mm diameter
aluminium specimen with rubber jacket ( aCp = 0.5 MPa).

Case 1: Rock in Uniaxial Compression

Four Olkiluoto tonalite specimens (VLJ YD21 106 m ) were tested uniaxially
to study the development of apparent elastic parameters and the loading rate
effect ( Figure 3.4.11 ). The radial strain rates were from 0.15% / min to
0.00015% / min. The corresponding loading times to peak strength were 64 s,
8 min, 55 min and 21 h. Based on the results, the elastic region can be
identified more clearly in the case of higher loading rates (0.15% / min ) than
with low loading rates ( < 0.0015% / min). This might be related to the time
dependent behaviour of the weak components of tonalite. The effect of
circumferential extensometer hysteresis can also be clearly seen in the radial
strain range from zero to -0.01% ( 0 to 30 MPa ).
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Figure 3.4.11 The apparent Young's modulus (thick lines ) and Poisson's
ratio for uniaxially tested 62 mm diameter Olkiluoto tonalite
specimens ( VLJ YD21106m) with various radial strain rates.

Case 2: Concrete in Triaxial Compression

Further, to define the errors in the elastic parameters caused by the rubber
jacket, two concrete specimens were triaxially tested. One specimen was
jacketed with 0.5mm EPDM rubber and the other was Teflon® treated. Both
samples were loaded under a radial strain rate control of 0.0015% / min. The
linear time dependent radial strain correction for rubber was used.

The two hours' loading time to peak stress causes uncorrectable errors to radial
strain and at the same time for the apparent Poisson's ratio (Figure 3.4.12).
Because no clear linear portion can be seen, Poisson's ratio and Young's
modulus are defined as secant values from the range of-0.01% radial strain to
50% of compressive strength. Using this method a Poisson's ratio of 0.22 for
the rubber jacketed and 0.19 for the corrected rubber jacketed and the Teflon®
treated is achieved. Young's modulus is 44.9 GPa for rubber jacketed and 42.6
GPa for the Teflon treated specimen.



72

0.1

0.0

10

50 75 100 125

Axial Stress ( MPa )

Figure 3.4.12 Apparent Young's modulus (thick lines ) and Poisson's ratio for
three 62 mm diameter concrete specimens ( aCp = 0.5 MPa).

Definition of Elastic Parameters from Direct Tensile Test

Vutukuri et al. ( 1978 ) have presented a possibility of defining Young's
modulus from direct tension tests. The method was tested in the case of three
direct tensile tests of high strength concrete. The apparent Young's modulus
decreased rapidly, which may be related to the cement component. However
the average value of 41.6 GPa was almost the same as defined for a triaxially
tested Teflon® treated specimen. The apparent Poisson's ratio was very low,
being affected by hysteresis of the circumferential extensometer. In all direct
tensile tests the measured radial strain at tensile failure was below 0.001%,
where the extensometer hysteresis strongly decreases the measured radial
strain. It must also be remembered that no references for defining Poisson's
ratio from tensile tests were found in the literature study.

Conclusions and Recommondations of the Elastic Parameter Interpretation

It can be concluded that, if the uniaxial compressive strength of tested material
is about 100 MPa and the crack initiation stress is between 30 to 40 MPa,
Poisson's ratio can not be defined accurately. In triaxial tests the error in
Poisson's ratio can be 10%. Neither can Poisson's ratio be defined more
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accurately from the unloading part of the stress-strain curve. Because of the
extensometer hysteresis, Poisson's ratio can not be defined from direct tensile
tests. It is recommended that if no clear elastic region exists in the test data,
i.e. the apparent elastic parameters are not constant, the values for Young's
modulus and Poisson's ratio should be defined as secant values from the range
of-0.01% radial strain to 50% of peak stress.

3.4.5 CRITICAL STRESS STATES

In chapter 3.3 it was shown that the radial extensometer hysteresis and
jacketing material produce errors to measured strains. In the following the
effect of these errors on the critical stress state interpretation is studied. The
calculations needed to define critical stress states are based on Martin's
(1994) presentation, which is introduced later in chapter 3.6. Because it was
hard to find an ideal reference case, such a case was reconstructed based on
measured values. The effect of triaxial configuration was tested on two
concrete specimens, one treated with practically zero thickness Teflon® and the
other with a normal EPDM rubber jacket. The main interest was to evaluate
the errors caused by radial extensometer hysteresis and the rubber jacket to the
values of critical stress states.

Interpretation of Critical Stress States

The critical stress states here refer mainly to the crack initiation ( aci ) and
crack damage ( a c d ) stress states. Both the crci and the acd are defined from
volumetric strain curves of uniaxial or triaxial compression tests. Martin
( 1994 ) has introduced a method to define <Tci from the calculated crack
volumetric strain curve, which assumes that the elastic parameters are known.

In order to calculate the crack volumetric strain curve, the total volumetric
strain has to be defined first. Because the total volumetric strain can not be
measured directly, it is classically defined as a sum of orthogonal strain
components or from axial and radial strain components of the cylindrical
specimen. The generally used calculation method under-estimates the total
volumetric strain of the cylindrical sample by 2% to 8%, corresponding to
Poisson's ratio values from 0.1 to 0.3. This can be considered acceptable for
elastic strains, but for plastic deformations or fault deformation the validity is
lost.
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Effect of Radial Extensometer Hysteresis Based on a Reconstructed Uniaxial Case

An ideal case based on true measured values of Olkiluoto tonalite ( VLJ YD21
106 m ) was constructed to determine the effect of radial extensometer
hysteresis on critical stress state definition. For the ideal case, the radial strain
was corrected to be linear for the axial stress range of 0 to 40 MPa (Figure
3.4.13 ). Curve fitted axial and radial strains were used to calculate volumetric
strains. Poisson's ratio and Young's modulus were defined using the secant
method, because of the unlinearity of axial stress-strain behavior. Based on the
measured strain behaviour, Poisson's ratio was 0.279 and for the corrected
ideal case 0.266. Young's modulus was 63.0 GPa for both cases. The
interpretation of <rci is not absolutely clear. In both cases the crack volumetric
strain deviates from zero at an axial stress of 42 MPa, but in both cases the
crack volumetric strain continues almost parallel to the axial stress axis. In the
measured case, the crack volumetric strain deviates clearly from zero at 50
MPa and in the ideal case at 54 MPa. The crack damage stress is 76 MPa for
both cases. Although the absolute difference between these two cases was less
than 5 MPa, more concern should be taken because of the subjective nature of
defining the crack initiation stress.

Errors to Critical Stress State Values in Triaxial Test Caused by Rubber Jacket

The errors caused by the jacketing material for defining the critical stress states
were evaluated using two 62 mm concrete specimens. One specimen was
jacketed with 0.5 mm EPDM rubber and the other was Teflon® treated. Both
samples were loaded under a radial strain rate control of 0.0015% / min. The
linear time dependent radial strain correction was used. For both the rubber
jacketed and corrected rubber jacketed cases the crack initiation stress was
found to be 58 MPa and the crack damage stress was 110 MPa. Corresponding
values for the Teflon® treated specimen were 56 MPa and 112 MPa (Figure

3.4.14 ). The defined crack initiation values were based on curve fitted strain
behaviors, but if done visually the subjective decision would have easily given
values from 60 MPa to 70 MPa. An interesting observation is that, even if no
correction for the rubber jacket is made, the crack initiation and crack damage
stress can be defined quite accurately, requiring that the elastic parameters are
defined from the corresponding curve.
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Figure 3.4.13 Apparent elastic parameters (a) and the total and crack
volumetric strains for defining crci and ocd(b) ( VLJ tonalite
YD21 106 m).
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Figure 3.4.14 Definition ofoci and cr^ for rubber and Teflon jacketed 62 mm
diameter concrete specimens.

Conclusions from Critical Stress State Interpretation Study

The errors from radial extensometer hysteresis and jacketing material to crack
initiation stress states were 5% to 7% at maximum in the cases studied. In the
case of crack damage stress the errors were even less. If the critical stresses are
defined visually the variation can be about 10%. Therefore it can be concluded
that in defining critical stresses, errors can exist. The amount is relatively
large, even in respect to natural deviation among individual specimens. In
some cases the definition of crack initiation stress is not clear. If the crack
volumetric strain increases extremely slowly this can be related to the non-
correctable small unlinear error of the jacketing material or to a high difference
within the initiation of the most favourable and the most unfavorable microrack
extensions. In these cases it is suggested that some limiting value for crack
volumetric strain or change in crack volumetric strain be applied to define the
upper limit for crack initiation stress. For example, some percentage of the
maximum compaction can be considered. If the definition of aci is obtained
from visual observation the subjective selection can cause even a 20% error,
therefore the method based on curve fitted strain curves is recommended.
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3.5 RECOMMENDED TEST CONFIGURATIONS AND
PROCEDURES

The recommended test configurations and conduction procedures for laboratory
loading tests are described. The basics of the recommendations follow the
ISRM suggestions ( 1981 ) while the numerous details are based on
experiences of pre-tests with rock specimens and pilot laboratory studies with
high strength concrete.

3.5.1 MONOTONIC COMPRESSION TESTS

The term monotonic compression test refers here to both uniaxial and triaxial
tests. The tests are controlled with a radial strain rate in order to study the post
failure behaviour. The strain rate used is calculated to correspond to the
desired elastic axial loading rate.

Uniaxial Compression Tests

In the uniaxial test, three averaging direct contact axial extensometers are used
to measure axial strain ( Figure 3.5.1 ). The deformation is measured from 50
mm gage length. The radial strain is measured with one circumferential
extensometer connected to the roller chain assembly wrapped around the
specimen. All extensometers are held around the specimen by contact force
produced by mount springs. The actuator movement is also measured. At the
specimen ends non-lubricated steel end caps are used. In order to assure
uniform load distribution the axial load is applied through one spherical seat.

The uniaxial compression tests with a 0.75 MPa/s loading rate is conducted
according to Table 3.5.1. The specimen is driven to contact under programmed
control to get exact zero stress extensometer readings. One loading ramp in the
elastic region is done to ensure a well-settled specimen before loading it to
failure. In both of these loading steps, axial load control is used first to
overcome the radial extensometer hysteresis and after that the control is
changed to radial strain to ensure a controlled test condition in the post failure
phase. Before the test series one extra specimen is loaded to get the needed
control values. These values are marked with (x) in Table 3.5.1. If tests with
different loading rates will be done, then the values marked with ( Y) have to be
changed to correspond to the destined axial loading rate.
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Figure 3.5.1 Uniaxial test configuration.

Table 3.5.1 Procedure for uniaxial compression test with 0.75 MPa/s

loading rate

1 Drive specimen manually near to contact
no axial force is allowed.

2 Reset readings

reset readings of axial and radial extensometer, actuator
displacement and axial force.

3 Start programmed test control

4 Drive specimen to force contact

move actuator up 0.2 mm/min until axial force is 1.0 kN,
the maximum actuator movement allowed is 3 mm.

5 Axial loading ramp to settle specimen

5a Increase axial load so that loading rate is 0.75 MPa/s (x> Y until
radial strain is -0.01% Cx or axial stress is equal to crack initiation
stress crci (X.

5b Decrease axial load so that loading rate is 0.75 MPa/s (x> Y

until axial force is 1.0 kN.
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Loading to rupture

6a Increase axial load so that loading rate is 0.75 MPa/s (*> Y until
radial strain is -0.01% (*or axial stress is equal to crack initiation
stress crcj (x.

6b Change to radial strain rate control.

6c Increase radial strain corresponding to the elastic loading rate of
0.75 MPa/s <x> Y until the end of the radial extensometer range.

Unloading

Decrease axial load to zero with 50 kN/min loading rate.

Triaxial Compression Tests

In triaxial tests the specimen and the deformation measuring instruments are
inside the pressure vessel (Figure 3.5.2 ). The confining pressure is transmitted
to the specimen by the confining oil. To prevent the confining oil from
penetrating into the specimen, it is sealed with an EPDM rubber jacket. The
deformations are measured on the jacket. The axial strain is measured with two
separately read direct contact axial extensometers. The gage length of the axial
extensometers is 50 mm. The radial strain is measured with one circumferential
extensometer connected to a roller chain assembly wrapped around the jacketed
specimen. All extensometers are held around the jacketed specimen by mount
springs. Non-lubricated steel end caps are used at the specimen ends. In order
to assure uniform load distribution the axial load is applied through one
spherical seat.

The concept of the triaxial compression test procedure is based on the uniaxial
test but having additional steps to handle confining pressure (Table 5.5.2.). As
the pressure vessel can not be filled by computer control, the programmed test
control was set to the hold mode for this period. To settle the jacket and the
extensometers on the jacket a confining ramp is done the same way as in the
axial direction. After the confining ramp the pressure was set to test value. As
in the uniaxial test, the test procedure includes values which were determined
with one extra specimen before the final test series. These values are marked
with (x and (Y .
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Figure 3.5.2 Triaxial test configuration.

Table 3.5.2 Triaxial compression test procedure with 0.75 MPa/s loading

rate.

1 Drive specimen manually near to contact

no axial force is allowed.

2 Reset readings

reset readings of axial and radial extensometer, actuator
displacement, axial force and confining pressure.

3 Start programmed test control

4 Drive specimen to force contact

move actuator up 0.2 mm/min until axial force is 1.0 kN,
the maximum allowed actuator movement is 3 mm.

5 Hold axial load while filling the pressure vessel with confining oil
5a Hold axial load for 60 seconds; during this period the test control is set

manually to the hold state. During the manual hold the axial load remains.

5b Fill pressure vessel, while manually controlled, with confining oil.

5c Release the manual hold to continue with programmed control.
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6 Confining ramp to settle jacket and extensometers on jacket

6a Increase confining pressure 0.05 MPa/s to the highest confining pressure
used in the triaxial test series.

6b Decrease confining pressure 0.05 MPa/s to 0.5 MPa.

7 Set confining pressure to test value

Increase confining pressure 0.05 MPa/s to test value.

8 Axial loading ramp to settle specimen

8a Increase axial load so that loading rate is 0.75 MPa/s (x until
radial strain is -0.01% f^or axial stress is equal to crack initiation
stress <rcj (x.

8b Decrease axial load so that loading rate is 0.75 MPa/s (x

until axial force is 1.0 kN.

9 Loading to rupture

9a Increase axial load so that loading rate is 0.75 MPa/s (X until
radial strain is -0.01% f*or axial stress is equal to crack initiation stress <xcj
(X.

9b Change to radial strain rate control.

9c Increase radial strain corresponding to the elastic loading rate of
0.75 MPa/s (X until the end of the radial extensometer range.

10 Unloading

10a Decrease axial load to zero with 50 kN/min loading rate.

10b Decrease confining pressure 0.05 MPa/s to 0.5 MPa.

3.5.2 TENSILE TESTS

Both direct and indirect tensile tests are recommended to define tensile strength
of the rock type. In direct tensile tests the same specimens as in compression
tests are used. The tension is applied directly along the specimen axis. In the
indirect Brazil tensile test the height of the specimen is half of the diameter.
The tension is produced indirectly by compression.

As the tensile failure is extremely brittle and the loads needed are relatively
small compared to the system control accuracy, no settling ramps are done in
direct or indirect tensile tests. Both tests are conducted under actuator
movement control. In the indirect tensile test this is the only possibility and in
the direct tensile test this is done to overcome the hysteresis in the
extensometer responses.
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Direct Tensile Test

Prior to test the specimen is glued to the end caps (Figure 3.5.3 ). For gluing
the 3M Scotch-Weld DP 190 Epoxy Adhesive can be used, having over 10
MPa contact strength. To prevent the gluing of specimen sides a plastic tape is
wrapped around the specimen end sides before gluing. For speeding up the
strength development of the glue, the specimens can be heated to 65C °C.

In the direct tensile test, three averaging direct contact axial extensometers are
used to measure axial strain ( Figure 3.5.3 ). The deformation is measured
from a 100 mm gauge length. The longer gauge length than in the uniaxial
compression test is used to get a higher probability of having the tensile crack
develop within the extensometer gauge length. The radial strain is measured
with one circumferential extensometer connected to a roller chain assembly
wrapped around the specimen. All extensometers were held around the
specimen by mont springs. The actuator movement is also measured. The
tensile load is applied through the spherical joint to prevent momential loads.
Before the test series one extra specimen is loaded to get the control value
needed in the test procedure. This value is marked with (x in Table 3.5.3.

Force
Transducer

Spherical Joint

Upper End Cap

Screw Mount

Glue

Specimen

Circumferential
Extensometer

Roller Chain
Assembly

Three Averaging
Axial Extensometers

Plastic Tape "*• w""J'"i"ti""jLt' "" i™*

Figure 3.5.3 Direct tensile test configuration.
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In the test procedure used the specimen is first driven slowly to small tension
(Table 3.5.3 ). After that the tensile test is conducted with constant actuator
movement.

Table 3.5.3 Procedure for direct tensile test

1 Screw specimen manually to contact
no axial force is allowed.

2 Reset readings

reset readings of axial and radial extensometer, actuator
displacement and axial force.

3 Start programmed test control

4 Drive specimen to force contact

move actuator up 0.2 mm/min until axial force is -0.8 kN,
maximum actuator movement allowed is 5 mm.

5 Loading to tensile failure

Move actuator down with a speed corresponding to a 0.75 MPa/s (x elastic
loading rate, maximum actuator movement is restricted to
4 mm.

Indirect Brazil tensile test

In the indirect Brazil tensile test only the applied load and actuator movement
are measured. The compressive load is applied in a normal direction to the
specimen surface inducing a horizontal tension to the specimen ( Figure 3.5.4 ).
The load is applied through two 3.5 mm wide flat steel jaws. To extend the
contact area from the theoretical point contact a 0.15 mm thick paper tape is
used around the specimen. The indirect test configuration used is not
according to ISRM (1981) suggestions, in which the specimen is loaded
between two concave steel plates having a surface radius 1.5 times the
specimen radius. This difference is assumed to have a minor effect on the
achieved results.
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Spherical Seat

Upper End Cap

Jaws with 3.5 mm
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Specimen

Tape Around
Specimen

Lower End Cap

Figure 3.5.4 Indirect Brazil tensile test configuration.

In the test procedure used the specimen is first driven slowly to contact (Table
3.5.4 ). After that the tensile test is conducted with constant compressive
actuator movement. Before the test series one extra specimen is loaded to get
the control value needed in the test procedure. This value is marked with (x in
Table 3.5.4.

Table 3.5.4 Procedure for indirect Brazil tensile test

1 Drive specimen manually near to contact
no axial force is allowed.

2 Reset readings

reset readings of actuator displacement and axial force.

3 Start programmed test control

4 Drive specimen to force contact
move actuator up 0.2 mm/min until axial force is 1.0 kN,
maximum actuator movement allowed is 3 mm.

5 Loading to tensile failure

Move actuator up with a speed corresponding to 200 Pa/s(X elastic
loading rate, maximum actuator movement is restricted to 4 mm.
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3.5.3 DAMAGE CONTROLLED TESTS

To study the damaging process of rock both uniaxial and triaxial damage
controlled tests are used ( Martin 1994 ). In both tests the test configurations
are the same as in the monotonic uniaxial and triaxial compression tests, see
Chapter 3.5.1 ( Figures 3.5.1 and 3.5.2 ). In the triaxial damage controlled test,
a better oil resisting neoprene rubber jacket is used instead of the EPDM rubber
jacket.

In order to define the effect of specimen damage, the test is conducted as cyclic
i.e. with repeated sets of loading and unloading. With each loading ramp the
maximum radial strain is increased incrementally. Except for the loading
ramps the test procedures used are the same as in the monotonic uniaxial and
triaxial compression tests ( Tables 3.5.5 and 3.5.6 ). Before the test series one
extra specimen is loaded to get the control values needed in the test procedure.
These values are marked with (x'm Tables 3.5.5 and 3.5.6.

Table 3.5.5 Procedure for uniaxial damage controlled compression test with

0.75 MPa/s loading rate.

1 Drive specimen manually near to contact

no axial force is allowed.

2 Reset readings

reset readings of axial and radial extensometer, actuator
displacement, axial force and confining pressure.

3 Start programmed test control

4 Drive specimen to force contact
move actuator up 0.2 mm/min until axial force is 1.0 kN,
maximum actuator movement allowed is 3 mm.

5 Axial loading ramp to settle specimen

5a Increase axial load so that loading rate is 0.75 MPa/s (x until
radial strain is -0.01% (* or axial stress is equal to crack initiation
stress crc\ (x.

5b Decrease axial load so that loading rate is 0.75 MPa/s <*
until axial force is 1.0 kN.
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Loading damage controlled to rupture
6al Increase axial load so that loading rate is 0.75 MPa/s (x until

axial stress is 20 MPa.

6bl Change to radial strain rate control.

6cl Increase radial strain corresponding to the elastic loading rate of
0.75 MPa/s <x until destined radial strain value.

6dl Decrease axial load so that loading rate is 0.75 MPa/s <x

until axial force is 1.0 kN.

6an Increase axial load so that loading rate is 0.75 MPa/s (xuntil
axial stress is 20 MPa.

6bn Change to radial strain rate control.

6cn Increase radial strain corresponding to the elastic loading rate of
0.75 MPa/s (x until destined radial strain value..

6dn Decrease axial load so that loading rate is 0.75 MPa/s (X
until axial force is 1.0 kN.

Unloading

7a Decrease axial load to zero with 50 kN/min loading rate.

7b Decrease confining pressure 0.05 MPa/s to 0.5 MPa.

Table 3.5.6 Procedure for triaxial damage controlled compression test with
0.75 MPa/s loading rate.

1 Drive specimen manually near to contact
no axial force is allowed.

2 Reset readings
reset readings of axial and radial extensometer, actuator
displacement, axial force and confining pressure.

3 Start programmed test control

4 Drive specimen to force contact

move actuator up 0.2 mm/min until axial force is 1.0 kN,
maximum actuator movement allowed is 3 mm.

5 Hold axial load while filling the pressure vessel with confining oil

5a Hold axial load for 60 seconds. During this hold test control is set manually
to hold state. During the manual hold, axial load remains.

5b Fill pressure vessel, while manually controlled, with confining oil.

5c Release the manual hold to continue with programmed control.

6 Confining ramp to settle jacket and extensometers on jacket

6a Increase confining pressure 0.05 MPa/s to the highest confining pressure
used in triaxial test series.

6b Decrease confining pressure 0.05 MPa/s to 0.5 MPa.
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7 Set confining pressure to test value

Increase confining pressure 0.05 MPa/s to test value.

8 Axial loading ramp to settle specimen

8a Increase axial load so that loading rate is 0.75 MPa/s (X until
radial strain is -0.01% f*or axial stress is equal to crack initiation
stress crcj (Xm

8b Decrease axial load so that loading rate is 0.75 MPa/s (X
until axial force is 1.0 kN.

9 Loading damage controlled to rupture

9al Increase axial load so that loading rate is 0.75 MPa/s (X until
axial stress is 20 MPa.

9bl Change to radial strain rate control.
9cl Increase radial strain corresponding to the elastic loading rate of

0.75 MPa/s (X until destined radial strain value.

9dl Decrease axial load so that loading rate is 0.75 MPa/s (X
until axial force is 1.0 kN.
• • •

9an Increase axial load so that loading rate is 0.75 MPa/s (X until
axial stress is 20 MPa.

9bn Change to radial strain rate control.

9cn Increase radial strain corresponding to the elastic loading rate of
0.75 MPa/s <x until destined radial strain value.

9dn Decrease axial load so that loading rate is 0.75 MPa/s (X
until axial force is 1.0 kN.

10 Unloading

10a Decrease axial load to zero with 50 kN/min loading rate.

10b Decrease confining pressure 0.05 MPa/s to 0.5 MPa.

3.6 SUGGESTED INTERPRETATION METHODS

In the following the interpretation methods used to determine elastic

parameters, critical stress states and damage from stress-strain data are

described. Interpretation of the same critical stress states from the acoustic

emission measurement results is given. Finally, the method to calculate

confidence limits is presented.

Before interpretation, the axial and the radial stress strain curves are replaced

with Fourier transformations to filter the noise and in this way to reduce the

effect of subjective selection. The Fourier transformation was found the most

suitable giving a continuous and smooth fit. The Fourier transformation used

was a general form and it was included into an interpretation program

developed during this study (Cambridge University Press, 1992).
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3.6.1 ELASTIC PARAMETERS

For all compression and direct tensile test specimens, the elastic parameters,
Young's modulus (E) and Poisson's ratio ( v), are defined. The definition is
basically done as secant value from the range of -0.01% radial strain ( st) to
half of peak strength ( ap) ( Figure 5.1.1 ). The range is changed only if axial
or radial stress-strain behaviour is clearly non-linear within this range. The
definition of the determination limits is presented in Hakala (1996).

£ =

V = -

Axial Stress
(MPa)

r120

Lower limit
£r=-0.01%

-0.10

Radial Strain ( % )

Figure 3.6.1 Determination of elastic parameters.

0.10 0.20

Axial Strain ( % )

3.6.2 CRITICAL STRESS STATES

The critical stress states here refer to tensile strength ( crt), crack initiation
stress ( aci ) , crack damage stress ( ercd) and peak strength ( ap) ( Figure
3.6.2 ). In addition to these stress values the corresponding axial and radial
strains are also recorded.
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Figure 3.6.2 Determination of critical stress states <xt, <rci, <xcd and cxp.

The tensile strength ( at) is defined as the ultimate tensile capacity of the direct
tensile test or from the compression load of the indirect Brazil test ( Equation
3.6.1 ) (ISRM 1981). The corresponding axial and radial strains can not be
defined from the results of the indirect tensile test.

IF
a> " DLn

where F is maximum axial load (N)
D specimen diameter ( m )
L specimen length (m)

(3.6.1)
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The crack damage stress ( acd) is defined as the reversal of the volumetric
strain (zv) curve ( Figure 5.1.2 ). At this point the total volume of the
specimen turns from compaction to dilation. The total volumetric strain ( sv)
is approximated from axial (ea) and radial strains (sT) ( Equation 3.6.2 ).

£v=£a+2sr (3.6.2)

The crack initiation stress is defined as a stress level where the crack
volumetric strain ( £•„„ ) deviates from zero ( Figure 3.6.2 ). The crack
volumetric strain ( £vcr ) is calculated by subtracting the elastic deformations
(sve ) of the rock matrix from the total volumetric strain ( sv ) . The elastic
volumetric strain ( eve ) is defined by Young's modulus ( E ) and Poisson's
ratio ( v) and current major ( cr,) and minor principal stresses ( a3) ( Equation
3.6.3 ).

l-2v.

E (3.6.3)

After subtracting the elastic volumetric strain ( sve ) from the total volumetric
strain ( sv ) , the crack volumetric strain curve is shifted so that the maximum
value is zero (Figure 3.6.2).

The determination of the crack initiation stress ( aci) state is not always clear
(see Chapters 3.4.4 and 3.4.5 ), therefore the first guess for aci is determined as
the last point having a crack volumetric strain ( £VM ) equal to 0.5% of total
compaction ( Figure 3.6.3a). This value, checked visually, is to be at the
intersection of the horizontal line and the extension of the increasing crack
volume (Figure 3.6.3b).

The peak strength ( ap) is defined as the highest observed axial stress ( Figure
3.6.2).
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Figure 3.6.3 Determination of the crack initiation stress ( crci) as a first non-
zero point of fitted crack volumetric curve (a) or as an
intersection point of visual tend lines (b ) .
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3.6.3 DAMAGE CONTROLLED TEST

In the damage controlled test, the location of the visual fracture compared to
the extensometer gauge length greatly affects the measured strains ( Figure
3.6.4). Therefore, the axial deformation is calculated from the actuator
displacement. The fracture formation also affects the radial extensometer
response, but no generally available methods exist to define it more accurately.

Axial Stress ( MPa )

160

140

120

100

80

60

40

20

0

Olkiluolo Mica Gneiss
Uniaxial Damage Controlled Test
OL KR10 - 400.55

Actuator

Axial Extensometer

-0.6% -0.4% -0.2% 0.0% 0.2% 0.4% 0.6% 0.8%

Radial Strain ( mm/mm ) Axial Strain ( mm/mm )

Figure 3.6.4 Stress-strain behaviour during the damage controlled test.

The method used to calculate the axial strain from the actuator displacement
includes the following steps:

a. The first representative loading ramp above the actuator hysteresis is
selected and both axial stress-strain behaviours measured by the
extensometer and actuator LVDT are replaced with Fourier
transformation (Figure 3.6.5a).

b. The amount of frame stiffness correction is defined by adjusting the
elastic Young's moduli actuator based axial strain to be the same with
the one defined by the extensometer (Figure 3.6.5b).

c. The non-linearity caused by contacts and specimen ends to actuator
based axial strain is defined as the difference of axial strain curves
below the pre-set limit (Figure 3.6.5c ).
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d. After defining the frame stiffness and non-linearity correction, the
whole data is analysed. For each loading - unloading ramp these first
two corrections are made, and after that the beginning of the ramp is
shifted to zero strain ( Figure 3.6.5d ).
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c. a.
Figure 3.6.5 Steps to define frame stiffness and non-linearity correction for

actuator displacement based axial strain (ato c) and the
determination of permanent deformation for one corrected
loading - unloading cycle (d).

0.2%
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For each loading ramp the crack initiation stress ( crci ) , crack damage stress
(<rci) and peak strength ( crp) are defined as previously described in the
critical stress section. Also the corresponding axial and radial strains are
recorded. In addition to the monotonic compression test, the accumulated
plastic volumetric strain ( ev

p ) is defined from permanent axial and radial
deformations at a pre-selected axial stress level ( Figure 3.6.5d ) ( Equation
3.6.4).

^ <+W (3.6.4)

In the test results, the damaging process of the specimen is presented as locus
and damage figures ( Appendix 8 ). The locus plot is a path of the critical
stress state point defined for each loading ramp separately. The damage figure
shows the same critical stress states as a function of accumulated plastic
volumetric strain ( a>)( Equation 3.6.5 ).

(3.6.4)

3.6.4 ACUSTIC EMISSION

The critical stress states crack initiation ( erci ) and crack damage ( <rcd) were
defined from cumulative AE count results ( Figure 3.6.6 ). In an ideal AE
result of mica gneiss a) the emission caused by load application, b) the elastic
region, c) the initiation of microcracking, d) the onset of stable microcracking
and e) the beginning of unstable microcracking can be separated. Primarily the
initiation of microcracking is interpreted as crack initiation stress ( aci ) , but if
the microcracking starts irregularly, being minor, then the onset of stable
microcracking is used instead. The beginning of unstable microcracking,
where the cumulative count - axial stress relationship changes from linear to
exponential, is defined as crack damage stress ( cr^). In some cases the elastic
part is missing and the interpretation of the crack initiation stress becomes
inaccurate or subjective. In order to see the strength of AE events the
cumulative count result is also divided into bands according to maximum
amplitude (Figure 3.3.15 and 3.6.6)
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Figure 3.6.6 Interpretation of critical stress states from AE results.

3.6.5 STATISTICS

Besides the commonly presented sample variation, average value and standard
deviation, the upper and lower 95% confidence limits for standard deviation are
recommended. The calculation of confidence limits assumes that the results
are normally distributed. Therefore the normality of test results have to be
checked. The upper and lower estimator for standard deviation (s) with
100(l-a)% confidence is calculated from equation (Laininen 1980 ):

(n-l)s2

2 \ 2

where n is number of samples
2

% the inverse of the one-tailed probability
of the chi-squared distribution

(3.6.5)
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In confidence results the upper estimator for standard deviation is used, i.e. the
upper and lower estimate for estimated value (x) are:

X = X - S
— / , —II

X = X + S
~u —u

(3.6.6a)

(3.6.6b)

The normality of the test results, and the estimators can be presented as
cumulative probability figures ( Figure 3.6.7 ). The figure shows all the test
results sorted from minimum to maximum. Also the corresponding normal
distribution calculated from the average value and the standard deviation is
presented as a continuous line. The normal distribution line is in a different y-
scale if the number of points for normal distribution is different from the total
number of tested specimens. These numbers are shown in figures. Also, the
values corresponding to the interpreted 95% confidence limits for standard
deviation and the average of test results are shown.
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—x — Average, n=13

-••<-- -95% Confidence for
St.Deviation, n=13
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Peak Strength ( MPa )

200 250

Figure 3.6.7 Cumulative probability presentation of test results. The normal
distribution line is in a different y-scale because the number of
points for normal distribution is different from the total number
of tested specimens.
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STRESS-STRAIN BEHAVIOUR OF OLKILUOTO
MICA GNEISS

The stress-strain behaviour and the strength of Olkiluoto borehole OL-KR10
mica gneiss was studied based on suggested test and interpretation methods.
The following includes: the test program, site characterization, physical
properties, test results and conclusion of Olkiluoto mica gneiss testing. The
physical properties and main results of all tested specimens are listed in the
appendices.

4.1 TEST PROGRAM

The test program was prepared in order to find out the characteristic stress-
strain behaviour of Olkiluoto borehole OL-KR10 mica gneiss. This includes
the elastic behaviour, short and long term strength and damaging process of the
rock specimen. The possible effect of water content, temperature and loading
time were noticed in planning of the test programs, but only the effect of one-
onehundredth lower loading rate was studied. The test program used was
based mainly on test experiences from the Lac du Bonnet gray granite at the
Underground Research Laboratory ( URL ) ( Martin 1994 ) and previously
performed development and qualification of laboratory tests (Hakala 1996).

With uniaxial and triaxial monotonic compression tests, the elastic stress-strain
behaviour, critical stress states and the post failure phase were studied. The
effect of the loading rate was studied in the uniaxial case. The tensile strength
was studied using the indirect Brazil tensile test and the direct tensile test. In
the direct tensile test, the axial and radial deformations can be directly
measured. Also, lower strength values have been reported in direct tensile
tests, which can be understood by the weakest link concept. The damaging
process was studied with damage controlled uniaxial and triaxial tests. In the
damage controlled test, the specimen was cyclic loaded and unloaded
increasing the maximum allowed radial strain incrementally with every cycle
( Martin 1994 ). For each cycle the stress-strain deformation parameters and
critical stress states can be defined.

All tests were conducted according to suggestions of the International Society
for Rock Mechanics, except that the strain rate control, instead of the suggested
loading rate control, was used ( ISRM 1981 ). In the compression test, the
radial strain rate was used to control the specimen loading and in both tensile
tests axial strain was used. The strain rates are selected to correspond to the
suggested loading rates in the elastic region. The radial strain rate control
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enables controlled testing of the post failure phase with most Class II rock
types ( Wawersik 1968 ).

During the tests, acoustic emission measurements were added to the test
program. One channel was used to record acoustic emission event statistics in
order to study, in more detail, the effect of the loading rate and saturation on
crack propagation in uniaxial compression. The acoustic emission was also
measured in direct tension to define crack initiation and crack damage stress
states.

Table 4.1.1 Final test program of Olkiluoto borehole OL-KR10 specimens.

Test configuration Pre-tests Tests All tests

Mica gneiss

Uniaxial compression test
0.75 MPa/s
0.75 MPa/s + AE
dry specimens, 0.75 MPa/s + AE
0.0075 MPa/s
0.0075 MPa/s + AE

Triaxial compression tests
0.5 MPa confined
1 MPa confined
3 MPa confined
5 MPa confined
15 MPa confined

Tensile tests
indirect Brazil test
direct tensile test
direct tensile test + AE

Damage controlled test
uniaxial
triaxial, 3 MPa confined

Total Mica Gneiss

Pegmatite tests

Uniaxial compression test
Uniaxial damage controlled tests
Triaxial damage controlled tests
Indirect Brazil tensile tests

Total Pegmatite
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1
3

2
3

1
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4
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8
8
8
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The preliminary test program included 96 mechanical tests with mica gneiss.
The pre-test specimens, acoustic emission measurements and tests with
pegmatite increased the total number of tested specimens to 144 (Table 4.1.1 ).
In addition 16 thin sections were studied to determine petrography and possible
existence of micro cracks.

4.2 TEST SPECIMENS

The studied specimens were from the borehole OL-KRIO at Posiva's Olkiluoto
investigation site ( Figure 4.2.1 and 4.2.2 ). The 614.4 m long borehole with a
diameter of 76 mm was drilled in winter 1995 - 1996 ( Rautio 1996 ). The
diameter of the drilled core sample was 62 mm. One of the objectives of the
borehole was to facilitate rock stress measurements at depth levels of 300 m,
450 m and 600 m (Ljunggren and Klasson 1996).

Figure 4.2.1 Location of Olkiluoto investigation site.



100

Olkiluoto

• MlcaGnetss

VelnedGnelss

TonalHo

TonalitoGneiss

Diabase

Figure 4.2.2 Location of borehole OL-KR10 in respect to the geological
model from z = -500m level.

The main rock types detected from borehole OL-KR10 are migmatitic mica
gneiss and pegmatite. The two rock types totally overlap, so that the average
layer thickness is a few meters, but also strips of a few centimeters exist. The
rock is mainly unweathered; only six fracture zones were encountered. The
total length of the fractured zones was 4.04 m being 0.7% of the borehole
length. Average joint frequency is 1.34 pcs/m, and the joints are filled or tight.

The samples for the testing were selected from the depth levels of 400 - 450 m
and 550 - 600 m to represent the rock at the potential deposition depth level of
300 m to 700 m. The two test regions were studied to find out the possible
effects of depth location. The effect of depth can be related to mineralogy and
insitu state of stress. The study was concentrated on mica gneiss, being the
dominant rock type at the depths investigated. The mica gneiss is typically
metamorphous, moderately foliated, fine to medium grained. The main
minerals are quartz, potassium and biotite. Although the study was aimed at
testing mica gneiss, a few samples of pegmatite were also taken. As reference
for micro fracture study, three mica gneiss core samples were taken near the
surface.

Before selection of the core samples for specimen preparation, the cores of both
depth regions were carefully inspected visually to avoid pre-existing joints. No
color penetration examination was used. Special attention was paid to the
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selection of representative rock samples, but at the same time large mineral
grains, compared to core diameter, were avoided. The total lengths of the
selected core samples are listed in Table 4.2.1 and the list of selected cores is
found in Appendix 1.

Table 4.2.1 Total length of core samples

Depth level Rock type Length ( m )

47-80
395 - 450

550-610

mica gneiss
mica gneiss
pegmatite
mica gneiss
pegmatite

0.9
14.3
0.8
13.7
0.8

Total length 30.5

In order to divide geologically different samples equally for the planned tests
all core samples were classified. In this way the possible deviation caused by
the geological nature of the rock is represented in each test type and the results
can be interpreted together. The classification criteria used were a) the rock
type, b) particle arrangement, c) degree of arrangement, d) the schistosity angle
and e) the depth level ( Appendix 1 ).

The particle arrangement has three classes; massive ( M ), schistose ( L ) and
mixed ( S ). The degree of arrangement is expressed on a scale from none ( 0 )
to strong ( 3 ). The angle of schistosity is defined as the angle from plane
perpendicular to core axis and it is given in degrees. Using this definition the
angle of schistosity becomes the same as the dip of schistosity plane in the case
of a vertical borehole.

4.3 PHYSICAL PROPERTIES

For each specimen the dry density, porosity and the saturation at the test time
were defined according to ISRM ( 1981 ) suggestions. To define these
properties the wet, dry and test time masses and specimen volume are needed.
The detailed descriptions of methods used are given in Hakala and Heikkila
1997. The list of all specimens and physical properties is in Appendix 1.
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4.3.1 DETERMINATION METHODS

For defining the wet mass the specimen was saturated by water immersion at a
pressure of 732±5 Hg mm below atmospheric for a period of at least one hour.
The ISRM ( 1981 ) suggestion for a vacuum is at least 700 Hg mm below
atmospheric. The absolute pressure was not defined. Before determining the
saturated mass, the specimen surface was dried to remove surface water. The
mass was determined as an average of three measurements. The measuring
accuracy was 0.1 grams.

The specimen volume was defined by measuring the diameter and height instead
of measuring the saturated-submerged mass as ISRM (1981 ) suggests. For
diameter the average value of six measurements is used and for height three
measurements were taken. The reading accuracy used was 0.01 mm.

The dry mass was defined after 24 hour drying in approximately 102°C
temperature. The ISRM (1981) suggests 24 hours' drying in 105°C ± 3°C
temperature. The drying should be continued in 4 hours periods until the
change of mass is less than 0.1%. In 72% of all specimens the loss of mass
during 24 hours drying was less than 0.1%, therefore no additional drying
periods were applied.

The specimens were once again weighed prior to testing in order to define the
test time saturation.

The compression P-wave velocity is defined according to ISRM ( 1981 )
suggestions, using a dried specimen. The transducer and receiver are pressed
to the specimen ends with a constant axial contact pressure of 65 kPa. The
wave transmission on contact is improved with a water couplant.

Until loading, the samples were stored in closed containers having water on the
bottom. The specimens were not allowed to be in direct contact with water.
The minimum storing time before loading was two days, but more detailed
control was not used.

Just before testing, the length, diameter, mass, perpendicularity of specimen
ends and the flatness of sample sides were measured. All length dimensions
were measured to within 0.01 mm accuracy and the mass to within 0.1 gram
accuracy. The perpendicularity of specimen ends and the flatness of sample
sides were taken at maximum difference. An illustration of specimen side wall
flatness was drafted, because no generally accepted defining method existed.
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4.3.2 DIMENSIONS

It was planned to have all compression and direct tensile test specimens
prepared to have a 2.5 height-width ratio, but the accuracy of sawing and the
amount of grinding needed produced deviation. The average height-width ratio
was 2.53 with a deviation of 0.007 (Figure 4.3.1 ).
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Figure 4.3.1 Height-width ratio variation ofOL-KRIO specimens.

4.3.3 DRY DENSITY

The average dry density of Olkiluoto mica gneiss based on 122 specimens was
2734 kg/m3 with a deviation of 33 kg/m3 ( Figure 3.4.2 ). The corresponding
values for pegmatite based on 10 specimens were 2608 kg/m3 and 25 kg/m3.

4.3.4 POROSITY

The average porosity of Olkiluoto mica gneiss based on 120 specimens was
0.23% with a deviation of 0.088% ( Figure 4.3.3 ). The corresponding values
for pegmatite based on 10 specimens were 0.37% and 0.069%. The defined
porosity describes the amount of the open pore volume for groundwater
penetration. Besides the water immersion method used also alternative
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methods, i.e. mercury or gas penetration, also exist. In all probability different
values would be obtained with these other methods.
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Figure 3.4.2 Dry density variation ofOL-KRIO mica gneiss specimens.

Number of Specimens

60

SO

40

30

20

10

0.05 0.15 0.25 0.35 0.45 0.55

Porosity(%)

Figure 4.3.3 Porosity variation ofOlkiluoto KRIO mica gneiss specimens.
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4.3.5 TEST TIME HUMIDITY

Because the storing time in 100% air humidity was not controlled, the test time
saturation varied from 5% to 170% ( Figure 4.3.4 ). The saturation values
exceeding 100% indicate that the drying and the saturation were not adequate.
The mass measurement accuracy of 0.1 grams can produce 7% error in
saturation values. It is interesting that approximately one month storage at
100% humidity will produce about the same saturation state as one hour
saturation in a vacuum.
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Average saturation

Log. fit of saturation
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Storing time in -100% air humidity ( days )

Figure 4.3.4 Saturation ofOlMluoto KR10 mica gneiss specimens at test
time.

4.3.6 P-WAVE VELOCITY

During the test the system used to define P-wave velocity was found unreliable
and the determination of travel time was subjective. This led to a relatively
high deviation of ±10% ( Appendix 4 ). The average P-wave velocity was
4446 m/s. No clear trend between P-wave velocity and depth exist, because the
95% confidence limits of variation overlap by 83 % (Figure 4.3.5 ).
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Figure 4.3.5 Average dynamic P-wave velocity and 95 % confidence limits of
Olkiluoto KR10 mica gneiss.

4.3.7 MICROCRACKS

Sixteen thin sections of mica gneiss samples were made to study the insitu
microcracks and the possible microcracks caused by stress release during the
overcoring. As a reference, three thin sections from the surface and one from
the loaded specimen ( 422.66 ) were made. The same thin sections were used
to define the mineral compositions.

Except for two specimens ( 429.30 and 433.82 ) the amount of microcracks
was approximately four times higher in the near surface specimens than in the
deeper regions (Figure 4.3.6). In the 400 - 450 m depth region the variation of
defined microcrack amounts was higher than in the deeper one. It is worth
noting, that the microcrack content of the four non-tested specimens was higher
than of the one loaded over the peak strength (422.66 ). Therefore it can be
concluded that the method used is not suitable to detect stress induced
microcracking.
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Figure 4.3.6 Proportional area of impregnated microcracks of studied
Olkiluoto KR10 mica gneiss thin sections.
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4.3.8 PETROGRAPHY

The same thin sections, prepared for microcrack observation, were used to
determine the mineral compositions with the standard geological point counter
technique. From each thin section 500 points were counted under polarising
microscopy.

Based on the thin sections studied, biotite, quartz and feldspar are the main
minerals, being at least 77% of all minerals ( Figures 4.3.7 and 4.3.8 ). The
variation of the main mineral contents in all depth regions is high. The average
mica ( biotite, muscovite, pinnite ) content is over 20% in all depth regions,
being always 11% at the minimum. In the 550-600 m depth region the mica
content is slightly higher than in other regions. Comparing the 400-450 m and
550-600 m depth regions, the clearest difference is the over 10% higher quartz
content in the 400-450 m region.
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Figure 4.3.7 Composition of major minerals of each Olkiluoto KR10 mica
gneiss thin section.
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Figure 4.3.8 Average major mineral content and variation ofOlkiluoto KR10
mica gneiss.
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4.3.9 GRAIN SIZE

Information of the main mineral grain size was also obtained from the thin
section study. Table 4.3.1 lists the observed variation, average and standard
deviation.

Table 4.3.1 Olkiluoto KR10 mica gneiss main mineral grain sizes

Mineral Average
(mm)

St.Dev
(mm)

Variation
(mm)

quartz
biotite
feldspar

1.7
2.0
1.2

1.4
1.4
0.7

0.5-
0.5-
0.3-

5.0
5.0
3.0
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4.4 MECHANICAL BEHAVIOUR

4.4.1 CHARACTERISTIC STRESS-STRAIN BEHAVIOUR

The mica gneiss is strongly heterogeneous and the type and amount of
heterogeneity rapidly changes. The structural heterogeneity related to
specimen geometry produces large deviations of stress-strain behaviour
(Figure 4.4.1 ). Although it was found that the mica content and the
concentration of mica in planes of weakness correlate with critical stress states
of tested specimens, the amount of mica in the rock matrix is almost
impossible to estimate without thin section inspection. Therefore, as the
results showed acceptable agreement with normality, the statistical confidence
limit approach presented in Chapter 3.6.5 was found reasonable ( Appendix 3
and 4) .
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Figure 4.4.1 Variation ofuniaxial stress-strain behaviour ofOlkiluoto mica-
gneiss and two typical stress-strain curves.

Based on the test results, mica gneiss is a brittle rock losing its bearing capacity
rapidly with Class II type post peak behaviour. The radial strain rate loading
control used was found to be the only possible method to study the post-failure
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phase. A few tests with axial strain rate control ended with explosion of the
specimen. The visual fracture is deformed right after peak strength associated
with 30% to 60% strength reduction. With less than 5 MPa confinement the
mica gneiss has minor residual strength after 0.3% axial deformation ( Figure
4.4.1 ). With known measuring techniques the corresponding radial strain limit
can not be defined accurately in the case of non-planar shear failure, typical for
mica gneiss. A confinement of 15 MPa slightly stabilizes the post-failure
behaviour, but still the strength is lost after small deformation (Figure 4.4.2).

After the formation of a visual fracture the test becomes more of a joint shear
test. The measuring of radial strain becomes unclear and the calculation of
volumetric strain also. The radial deformation can be defined quite reliably
from the actuator displacement.
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Figure 4.4.2 Variation oftriaxial stress-strain behaviour ofOlkiluoto mica-
gneiss with one typical stress-strain curve.
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4.4.2 ELASTIC PARAMETERS

Youns 's modulus

With 95% confidence Young's modulus of studied mica gneiss was between 43
GPa and 82 GPa ( Figure 4.4.3 and Appendix 3 ). The deviation was ±16% at
minimum. In studied cases, neither the confinement nor loading rate shows
clear correlation with the defined value. If the three tests with 8 specimens and
the small confinement were left out (3A-0.5, 3A-1 and 3A-5 ), then the lower
loading rate slightly decreases Young's modulus, while the confinement
increases it. The direct tensile test gives lower values than other tests, but this
was caused by extensometer hysteresis.
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Figure 4.4.3 The 95% confidence limit for standard deviation of Young's
modulus.
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Poisson 's ratio

With 95% confidence Poisson's ratio of studied mica gneiss was between 0.22
and 0.32. The deviation of Poisson's ratio value was ±14% on average ( Figure
4.4.4, Appendix 3 ). The high deviations in the case of 1 MPa and 5 MPa
confinement were caused by one value and therefore these are left out of the
final results. Also the error caused by the rubber jacket in triaxial tests was
clear. In the qualification of the test program it was found, that the 0.5 mm thick
rubber jacket could produce -8% systematic error if the volume of rubber was
assumed to be constant (Hakala 1996 ). Here, the error seems to be about 28%
compared to the average from uniaxial tests. It seems that systematic correction
of about 0.08 can be made, because the level of confinement does not have an
effect on defined values. The results from the direct tensile test were
questionable, being totally dominated by the hysteresis of both extensometers.
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Figure 4.4.4 The 95% confidence limit for standard deviation of Poisson's
ratio.
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4.4.3 STRENGTH PARAMETERS

Critical Stress States in Tension

With 95% confidence the tensile strength of the studied mica gneiss was
between 5.4 MPa and 9.8 MPa ( Figure 4.4.5, Appendix 4 ). The indirect
Brazil test gives higher values, which is typical for the test ( Andreev 1995 ).
Half of the Brazil specimens were compressed in the direction of the schistosity
plane and the other half perpendicular to it, resulting in less than 0.3 MPa
difference in average values. The crack initiation and crack damage in tension
were defined from four acoustic emission measurements. The confidence limit
approach gives wide range to results because of the small number of tests. The
95% confidence limits for the crack initiation were 1.0 MPa and 3.9 MPa,
while the variation of test results was from 2.1 MPa to 3.0 MPa. For the crack
damage stress the confidence limits were 2.6 MPa and 9.0 MPa and the
variation of test results was from 4.8 MPa to 6.9 MPa.
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Figure 4.4.5 The 95% confidence limit for standard deviation of tensile
strengths.
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Crack Initiation

With 95% confidence, the limits for uniaxial crack initiation were 29 MPa and
61 MPa ( Figure 4.4.6, Appendix 4 ). With 15 MPa confinement the deviation
of test results was high. The observed variation of eight specimens was from
57 MPa to 103 MPa, resulting in confidence limits of 40 MPa and 115 MPa.
The confinement of 0.5 MPa to 5 MPa have minor effect on crack initiation
stress, and because of the high deviation no trend was seen. If the three tests
with 8 specimens and small confinement were left out (3A-0.5, 3A-1 and
3A-5 ), then the lower loading rate decreases the lower uniaxial confidence
limit and the 3 MPa confinement increases the upper confidence limit.
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Figure 4.4.6 The 95% confidence limit for standard deviation of crack
initiation stress.
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Crack Damage

The lower loading rate has a minor effect on crack damage stress while the
effect of 15 MPa confinement was clear ( Figure 4.4.7, Appendix 4 ). The
95% confidence limits for the uniaxial crack damage stress were 49 MPa and
104 MPa. Corresponding limits with 15 MPa confinement were 95 MPa and
171 MPa. In the case of 0.5 MPa to 5 MPa confining pressures the trend was
lost in the variation of results when compared to a normal loading rate uniaxial
test. The interpretation of results becomes more clear, if the three tests with 8
specimens and small confinement were left out (3A-0.5, 3A-1 and 3A-5 ).
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Figure 4.4.7 The 95% confidence limit for standard deviation of crack
damage stress.
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Peak Strength

As with crack damage stress, the effect of 0.5 MPa to 5 MPa confinement can't
be seen clearly ( Figure 4.4.8 ). The effect of the loading rate on uniaxial peak
strength was seen mainly at the lower confidence limit. The 95% upper and
lower confidence limits for uniaxial peak strength were 59 MPa and 132 MPa
(Appendix 4 ). With 15 MPa confinement the corresponding values were 93
MPa and 118 MPa. Compared to crack damage stress values, the lower
confidence limit and the deviation have increased.
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Figure 4.4.8 The 95% confidence limit for standard deviation of crack peak
strength.

4.4A ACOUSTIC EMISSION RESULTS

Based on acoustic emission results the average crack initiation and crack
damage stresses were approximately the same in magnitude with the values
defined from strains, but the deviation is higher (Figures 4.4.9 and 4.4.10 ). In
the case of individual tests the difference was high. The standard deviation for
difference was 10 MPa while the maximum value is 35 MPa. No general trend
for the differences can be seen.
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Figure 4.4.9 The comparison of crack initiation values of different tests,
defined from strains and acoustic emission measurements.
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Figure 4.4.10 The comparison of crack damage values of different tests,
defined from strains and acoustic emission measurements.
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The intention was also to study the effect of saturation and loading rate on
microcracking behaviour. Because of the small number of specimens per test
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and a high deviation, no reliable results can be given. However, a dry
specimen with a normal loading rate seems to have a higher crack initiation
stress value than a wet specimen with 0.0075 MPa/s loading rate.

4.4.5 ACCUMULATION OF DAMAGE

The interpretation of a damage controlled test was done until formation of a
major visual fracture. After this point the radial strain can not be defined with
acceptable accuracy. In the uniaxial damage controlled test the formation of
the visual fracture agrees well with the damage stage when the crack damage
stress equals the crack initiation stress. The same approach was also used in
the triaxial test where the fracturing can not be seen. After the formation of the
visual fracture the test becomes more like a joint shear test, and the definition
of critical stress states loses its initial meaning.

Based on the uniaxial and triaxial damage controlled test results the general
stress-strain behaviour remains during the damaging of the specimen ( Figures
4.4.11 and 4.4.12 ). The post-failure behaviour of all critical stress states was
Class II type. The effect of the 3 MPa confinement was minor, only the peak
strength radial strain increases.
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Figure 4.4.11 Development of critical stress states in post-failure phase of
uniaxial damage controlled test.
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Figure 4.4.12 Development of critical stress states in post-failure phase of
triaxial damage controlled test, ac=3 MPa.

The development of damage induces large deviation from Young's modulus
and Poisson's ratio (Figures 4.4.13 and 4.4.14). During the first 0.1% damage
Young's modulus decreases by approximately 10 GPa / 0.1% damage. After
that the decrease was slower, being approximately 3 GPa / 0.1% damage. At
the same time Poisson's ratio was increasing and it exceeds the theoretical
maximum of 0.5 at the point of formation of the visual fracture. In uniaxial
tests Poisson's ratio increases approximately 0.1/0.1% damage. In the triaxial
test the average development was within the same magnitude, but the deviation
was high.

The effect of damage to crack initiation and crack damage was rapid during the
first 0.2% to 0.3% damage ( Figures 4.4.15 and 4.4.16 ). In all the uniaxial
cases the crack damage stress equals the crack initiation stress until 0.2%
damage. In the majority of 3 MPa confined tests the corresponding damage
level was 0.3%. At the point, when crack damage stress meets the crack
initiation stress, the 95% confidence limits for axial stress are 20 MPa and 55
MPa. After this point the geometry of the visual fracture compared to
specimen geometry and the amount of confinement defines the post failure
behaviour (Figure 4.4.17)
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Figure 4.4.13 Development of Young's modulus in uniaxial and triaxial

damage controlled tests after the first detection of crack damage
stress.
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Figure 4.4.14 Development of Poisson's ratio in uniaxial and triaxial damage
controlled tests after the first detection of crack damage stress.
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Figure 4.4.15 Development of critical stress states in uniaxial damage
controlled tests after the first detection of crack damage stress.
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controlled tests after the first detection of crack damage stress.
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Figure 4.4.17 Effect of visual fracture location on observed post-failure

behaviour ofOlkiluoto mica gneiss.

4.5 CONCLUSIONS OF OLKILUOTO MICA GNEISS TESTING

In this study the stress-strain behaviour of migmatic mica gneiss from the
Olkiluoto investigation site was studied with 132 specimens. The studied
specimens were taken from borehole OL-KRIO, representing two depth regions
of 400-450 m and 550 - 600 m. The diameter of the specimens was 62 mm.

Characteristics

In the scale of studied specimens the Olkiluoto mica gneiss is strongly
heterogeneous. The degree of heterogeneity rapidly changes. The mica
content of over 10% and its layered arrangement defines the general stress-
strain behaviour and the strength of Olkiluoto KR10 mica gneiss. In the thin
sections studied, the mica content varied from 10% to 50%, being 30% on the
average.

The variation of the heterogeneity and the mica content is assumed to produce
a high deviation in the test results. The variation of these two factors is hard to
predict; therefore the deviation of results has to be accepted and a statistical
approach to stress-strain behaviour is suggested ( Figures 4.3.7 and 4.5.1 ). In
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this study, the upper and lower estimates for critical stress states and
corresponding strains are calculated from the average value and the 95%
confidence limits for standard deviation.

Degree of Particle Arrangement

3 - Strong

2 - Moderate

1 - Minor

O-None

350 400 450 500

Depth Location of Specimen (m)

550 600

Figure 4.5.1 The degree of particle arrangement in studied specimens.

Stress-Strain Behaviour

Based on studied specimens, the Olkiluoto mica gneiss is a brittle rock losing
the majority of its strength immediately after peak strength i.e. with Class II
post-failure behaviour ( see Figure 2.1.2 ). The visual fracture is typically
orientated at least partly along the plane of schistosity. With the formation of
the visual fracture, 30% to 60% of peak strength is lost and after that the test
becomes more like a joint shear test. After this point the radial strain can not
be calculated with acceptable accuracy, with a circumferential extensometer or
any other generally used instrumentation. The post-failure behaviour, after
visual fracture, is totally dominated by the geometry of the fracture in respect
to the specimen.

Based on the test results and the assumption that the crack damage stress is the
true peak strength for undisturbed rock, the lower and upper 95% confidence
limits for short term strength of the studied Olkiluoto mica gneiss specimens is
defined by stress pairs: <rcdt = -2.6/-9.0 MPa, o^ 0 = 49/104 MPa and ercd 15 =
95/171 MPa (Figures 4.5.2 and 4.5.3 ). If the crack initiation strength is used
to present the long term in-situ strength, then the stress pairs ercit = -1.0/-3.9
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MPa, crci0 = 29/60 MPa and crc|]5 = 40/115 MPa define the lower and upper
95% confidence limits.

Maximum Principal Stress a,, ( MPa )
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Minimum Principal Stress o3, (MPa )

30

Figure 4.5.2 95% confidence limits for the crack initiation and crack damage
stress envelopes.

The mica gneiss loses approximately half of its strength rapidly with Class II-
like post failure behaviour. After that, there is a high deviation in post failure
behaviour. Therefore it is reasonable to assume instantaneous softening in the
uniaxial case. The increasing confinement changes the post failure behaviour
from Class II type to Class I type. In the studied range of confinement (0.5
MPa to 15 MPa) the deviation in post failure behaviours was high, and the test
was interrupted by the radial extensometer limit before the strength was totally
lost. Therefore no limiting strain values can be given for confined post failure
behaviour. However, based on visual observation a) the instantaneous
softening and b) the approximately 20 MPa residual axial strength to 1.0%
axial strain, can be used as lower and upper estimates for post-failure behaviour
in over 3MPa confined cases.
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Figure 4.5.3 95% confidence limits for the uniaxial critical stress - strain
behaviour.

Factors Affecting to Observed Behaviour

In concluding the results, the possible factors affecting the measured stress-
strain behaviour and the critical stress states were checked. The possible effect
was studied mainly in the case of the normal loading rate uniaxial compressive
test, because of the highest number of tested specimens ( 25 ). According to
the examination the following factors do not show correlation over the
observed deviation with stress-strain behaviour and critical stress states:

depth
angle of schistosity
particle arrangement

- parallelism of specimen ends
- straightness of specimen sides
- porosity

The following factors showed at least minor effect on observed behaviour:

- degree of particle arrangement - confinement
- loading rate- mica content

- mica concentration - saturation

In concluding the results, an attempt was made to replace the original particle
arrangement classification ( see Chapter 4.2 ) with more specimen specific
texture classification. The nature of the texture classification used is at the
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moment subjective, without any detailed specifications. The texture
classification is based on the degree of particle arrangement, amount of mica
and trend of schistosity or mica plane compared to specimen geometry. For
each factor a classification number from zero to three is given, and the texture
factor is the sum of these three values divided by three. The high degree of
particle arrangement, high amount of mica and favorable trend of schistosity
plane for shear failure result in the highest texture factor of 3. Based on the
cases studied, the high texture value produces lower strength values and lower
deviation (Figure 4.5.4).

The effect of mica content and concentration of mica into its own planes of
weakness were studied, based on the thin sections and the nearest found
uniaxial or 0.5 MPa confined specimens. In the case of eight thin sections the
distance was less than 20 cm, but in two cases the distance was over one meter.

The following results should be considered with caution because the
heterogeneity of mica gneiss was found to change rapidly. The results show
that a mica content of less than 20% increases the strength (Figure 4.5.5 ). The
results are not axiomatic because the degree of saturation and the concentration
of mica into its own planes also affect the observed behaviour (Figure 4.5.6).

Before testing, the one-day oven dried specimens were stored in approximately
100% air humidity for at least two days. First, because of the dried specimens
and secondly because of the short and not exact storing time, the degree of
saturation was not controlled well enough. This led to a high deviation of
saturation at test time. The higher degree of saturation reduces all critical stress
states (Figure 4.5.7 ). The saturation values over 100% are caused by
inadequate drying.
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Figure 4.5.4 Effect of specimen texture factor on crack initiation and crack
damage stress states.
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Figure 4.5.6 Effect of saturation on critical stress states.

The decrease of the loading rate from the ISRM suggested 0.75 MPa/s (ISRM
1981 suggest 0.5 - 1.0 MPa/s ) to 0.0075 MPa/s decreases the average and
lower 95% confidence estimate of all critical stresses by 20% to 30% ( Figures
4.4.6 to 4.4.8). The upper confidence limit remains almost unchanged.

Although the effects of the loading rate and saturation are hard to find due to
the large deviation caused by the geological nature of mica gneiss, the observed
behaviour has the same trend as reported by Martin (1994) and Laitaj (1987).

Microfractures

The amount of insitu micro cracks and the ones possibly produced by the stress
release during the coring were studied. The methods used were fluorescent
microscopy of impregnated thin sections and P-wave measurement. It was
obvious, that there are minimum or no differences in microfracture content
between the depth regions of 400-450 m and 550-600 m, while at the surface
higher values were measured. This agrees with the assumption, that the rock
above 100 m depth is deformed in the Fennoscandian area. On the other hand
neither of the methods used proved to be very reliable. In P-wave
measurements the deviation of results is high and no correlation with density or
Young's modulus were found. With fluorescent microscopy of impregnated
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thin sections, no clear differences between the non-tested and the one tested
specimen were found.

Acoustic Emission

The direct measuring of microfracturing with acoustic emission measurement
gives, on the average, approximately the same results as the indirect
determination from stress-strain behaviour. In the case of individual specimens
the results differ greatly without any trend. The AE results increased the
information of the damaging process, but were found not to be essential to
define critical stress states in the compression test. On the other hand, the AE
was the only possible method to define the critical stress states in tension.

Pegmatite

The stress-strain behaviour of the other main rock type, pegmatite, was studied
with six compression and six indirect Brazil tensile tests. The defined elastic
constants and the critical stress states in compression were within the same
variation as for mica gneiss. The clearest differences were in indirect tensile
strength and in the observed failure mechanisms. The indirect tensile strength
was about the same at that of the mica gneiss, being 5.4 MPa on average. In
uniaxial compression the axial fracturing and peeling off is obvious. The
losing of strength was more steady, with Class I-like behaviour. This result is
different from the previous results (Kuula 1994).

Comparisonof Strength deviation with Lac du Bonnet Granite Results

The defined unconfined compressive strengths of Olkiluoto mica gneiss were
compared with corresponding values of Lac du Bonnet granite ( Martin 1994 ).
The comparison shows, that there is no clear average value for mica gneiss, but
a wide deviation ( Figure 4.5.7 ). It is obvious, that the low number of tests
affects the observed deviation. For mica gneiss the standard deviation is 22%
of the average peak strength and for the Lac du Bonnet the same ratio is 9%.
This comparison confirms the idea, that the use of average strength values can
be misleading and instead the statistical approach would be more relevant.
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Figure 4.5.7 Deviation ofunconfined compressive strengths ofOlkiluoto
mica gneiss and Lac du Bonnet granite / URL.
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RECOMMENDATIONS

This study was aimed at developing and qualifying a suitable combination of
laboratory tests to obtain statistically reliable stress-strain behaviour of
crystalline rock. The test program used and interpretation methods were found
suitable, and the following recommendations for future testing are given.

Determination of Porosity and Test Time Saturation

The drying and saturation methods used were found to be incomplete to define
the porosity and also, the test time saturation was not controlled well enough.
Based on post-testing with four Olkiluoto mica gneiss specimens, the drying of
the specimen in 105°C temperature will take about 60 days ( Figure 5.1 ). The
stabilation of the specimen mass in approximately 100% humidity after water
immersion saturation will take about a week. The measuring routine for test
time mass was developed during the study producing the lower deviation in
later measurements (Figure 7.1). Based on the post-study, it is suggested that
the degree of test time saturation be defined using at least three specimens from
each depth region. These specimens are first vacuum saturated one hour in
water immersion and after that stored three days in -100% air humidity to
define the saturated test time mass. After that, these specimens are dried in a
105 °C oven until the mass remains unchanged. The specimens to be loaded are
saturated by the same method, but not dried.

Test Types and Amount of Specimens Per Test

Because of the high deviation of test results caused by the nature of the rock it
is recommended that the specimens be subjected to a few test types to get the
deviation of results with adequate confidence. The suggested test types are:
direct tensile test, uniaxial compression test with a normal 0.75 MPa/s loading
rate and at least a 15 MPa confined triaxial compression test with the same
loading rate. The 15 MPa confined triaxial test was the only test showing
clearly higher values than the uniaxial test. If the effect of the loading rate is
tested, at least a three decades lower loading rate is suggested. With the tested
two decades lower loading rate the upper confidence limit remains the same as
in a normal test, while the average and lower confidence limits were 20% to
30% lower.
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Figure 5.1 Effect of saturation on critical stress states.

The definition of the result deviation was found to be non-acceptable with less
than ten specimens per test. With 20 or more specimens the determination was
satisfactory. These experiences seem to be in agreement with a simple
theoretical study, which supports the idea of 15 to 20 specimens per test
(Figure 5.2 ). Also an analysed example from the tests performed agrees with
the idea ( Figure 5.3 ). When considering the number of specimens per test, the
nature of the tested rock type must be taken into account. For highly
heterogeneous and anisotropic rock like mica gneiss, at least 15 specimens per
test is recommended, while 20 is preferred. The absolute minimum is seven
specimens.

Radial Strain Measurement

From the beginning of this work special attention was paid to the measuring of
radial strain. The amount of radial strain hysteresis can be minimized by using
an installing guide to assure the straightness of the roller chain assembly.

After peak strength and development of visual fracture the current
instrumentation does not measure the true radial strain reliably. The response
is totally dominated by the position of the fracture in respect to the chain. The
problem is difficult, but one solution can be a mechanical scanning of the
specimen surface (Saito et al 1995 )
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Conduction of Loading Test

Although it takes time, it is strongly recommended to run all tests to residual
axial loading capacity to study the lose of the strength. This especially
concerns the damage controlled test. On the other hand this is not always
possible, because the maximum circumferential extensometer limit will
interrupt the test. The test can be continued after removing the circumferential
extensometer, but this operation can be done safely only by removing the load.

Jacketins Material

In triaxial testing, especially in damage controlled tests, the use of better oil
resistant neoprene rubber jacket is recommend. This will minimize errors in
measuring the radial strain.

Loading Rate

The effects of loading rate or loading time to obtained strength are evident. In
order to study this, lower loading rates or longer loading times than in this
study should be used. It is not meaningful to do these long run tests using the
MTS testing system, but separate creep test equipment is recommended. The
other alternative would be to use acoustic emission measurements in tests of
gradually increased load, i.e. increasing the load incrementally until continuous
emission is measured (Ohnaka 1983 ).

Acoustic Emission

Resent studies at URL / AECL have shown that the same crack initiation stress
state in laboratory and insitu can be defined using acoustic emission. The crack
initiation stress state can be used to predict the extent of stress induced brittle
failure in a wide range of rock types and rock mass conditions. In this study it
was found that although the average crack initiation was the same defined from
volumetric strain or acoustic emission, the acoustic emission results helped to
understand the damaging process of individual specimens. Therefore it is
recommended to continue and develop the acoustic emission measurement
capabilities.
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Critical Stress States in Tension

The direct tensile test configuration enables the definition of critical stress
states in tension. In this study this was done using the acoustic emission
measurements. The currently used extensometers are not suitable for this
purpose because of the extensometer hysteresis. The use of another method for
this purpose has not been tested, but there may be possibilities to define these
critical stress states using a high number of strain gauges in each test.

In direct tensile tests the weakest link of the specimen defines the tensile
strength and all other imperfections also decrease the achieved strength.
Therefore we can be sure that the tensile strength will not be overestimated.

The use of the indirect Brazil test besides the direct tensile test is recommend,
being a suggested method by ISRM (1981 ), and therefore provides comparable
results with studies of other instances.

Strength and Mineral Contents

It is suggested that the thin sections be taken from tested specimens. With this
arrangement the factors affecting the measured strength can be studied better.
For highly heterogeneous and anisotropic rock like mica gneiss two thin
sections per three high strength, medium strength and low strength specimens
are recommended to define the effect of mica and mica concentration on the
achieved strength. Also the deviation of mica content over small distances can
be defined.

Interpretation of Test Results

The developed interpretation methods of elastic parameters and critical stress
states from measured stresses and strains used in this study are recommended
for future use.
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CONCLUSIONS AND DISCUSSION

Stress-Strain Behaviour of Brittle Rock

The complete stress-strain behaviour of crystalline rock is related to fracture
behaviour and elastic deformation of the rock matrix. Before the peak strength,
the cavity and grain scale microscopic failure mechanisms with elastic matrix
deformation define the behaviour of rock. After the peak, the visually
observed, macroscopic, fracture formation becomes increasingly dominant.

Although the initiation of fracture and fracture growth are quite well known in
the case of homogenous brittle material, these theories can not be used directly
to describe the damaging and failure of rock. At least the following reasons
can be found. First, because rock is not homogenous and secondly the macro-
mechanical behaviour is an essential factor in the post failure phase. On the
other hand there are generally used empirical strength theories based on
macroscopic failure behaviour, which don't describe the damage process itself.
One solution to overcome the gap between micro- and macro mechanics is the
use of numerical methods. Also new material models are under development
(Cundall 1995 ). The numerical methods are being developed and with
increasing computation power these methods will become more usable,
although currently their use is more science related.

If the primary failure mechanisms are considered as an essential approach to
the strength of crystalline rock, then the tensile strength and the fracture
toughness can be considered the most essential parameters. Direct information
of primary failure mechanisms can be obtained by acoustic emission
measurement It is also presumable that, if the theory used is based on true
primary mechanics then time and environmental factors can be taken into
account more reliably.

Testing the Brittle Rock

During this study, procedures for conducting the monotonic uniaxial, triaxial
and direct tension tests and also damage controlled tests were established. The
tests were found suitable and reliable to define the stress-strain behaviour and
critical stress states of crystalline rock. If the recommended specimen handling
and test procedures are used, all the errors found are relatively small compared
to the presumable deviation for rock. The major drawback is the definition of
radial strain or further the measuring of volumetric strain , especially in the
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post failure phase. This information is important to define the damage process
and loss of bearing capacity.

During this study, controlled treatment of test specimens and systematic test
procedures were found important to assure comparable results. This same
applies to interpretation of test results.

With the use of acoustic emission measurements, direct information of brittle
fracture can be obtained. This additional information is valuable in
understanding the development of damage and the failure.

During the tests it was found that the anisotrophy and heterogeneity in
specimen scale greatly affects the observed post failure behaviour. Therefore a
question has arisen: how well does the post failure behaviour of the test
specimen describe the insitu post failure behaviour ?

Stress-Strain Behaviour ofOlkiluoto Mica Gneiss

Based on the test results, the Olkiluoto mica gneiss is a brittle rock losing its
bearing capacity rapidly after achieving peak strength. The visual fracture is
deformed right after peak strength associated with 30% to 60% strength
reduction. With less than 5 MPa confinement the mica gneiss has minor or no
residual strength after 0.3% axial deformation. With known measuring
techniques the corresponding radial strain limit can not be defined accurately in
the case of non-planar shear failure, typical for mica gneiss.

From all loading tests the elastic parameters and critical pre-peak stress states
were defined. The defined elastic parameters and critical pre-peak stress states
showed good agreement with normal distribution, giving a basis for a statistical
approach. Considering the crack damage stress acd as the true undisturbed
strength of the mica gneiss, then the lower 95% confidence limit for the
strength is defined by the envelope of -2.6 MPa tensile strength, 49 MPa
uniaxial compressive strength and 93 MPa compressive strength with 15 MPa
confinement. The corresponding upper 95% confidence envelope is <7cdt = -9.0
MPa, o^o =104 MPa and crcdtl5 =171 MPa. The 95% confidence envelopes for
crack initiation stress cjci are defined by the stress pairs <rcit = -1.0/-3.8 MPa,
crci 0 = 29/60 MPa and adis = 40/115 MPa. Although showing different failure
mechanisms, axial fracturing and peeling off, the critical stress states and
general stress-strain behaviour of pegmatite was within the same range as for
mica gneiss. It was noteworthy that the indirect tensile strength was half that
of the mica gneiss.
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Due to its geological origin, the mica gneiss is strongly heterogeneous, leading
to large variation in the critical stress values and in the post failure behaviour.
The mica content, concentration of mica in layers, and the degree of saturation
were found to have an effect on the pre-peak behaviour and critical stress
states. Except for saturation, the other factors are practically impossible to
study separately, and moreover they are continuously changing in the Olkiluoto
mica gneiss. Therefore, the statistical approach used for stress-strain behaviour
and critical stress states of mica gneiss is recommended.

Before this study the stress-strain behaviour of Olkiluoto mica gneiss had been
studied with five uniaxial and indirect tensile tests and seven uniaxial damage
controlled tests (Kuula 1994 and Johansson & Autio 1995 ). In these tests the
Young's modulus was close to the average of this study, but all defined
Poisson's ratio values were below the lower 95% deviation confidence limit.
At least the different interpretation methods used in this study to obtain the true
elastic Poisson's ratio explains the differences. For tensile strength, crack
damage stress and peak strength the previously defined values are clearly
higher. The variation of these previous values are from the average of new
results over to upper 95% confidence limit of the new results. Only the crack
initiation strength is the same. The higher strength values can be explained by
the smaller 42 mm diameter specimens and the lower degree of saturation
(Figures 2.1.9 and 2.1.12)

Application of Test Results

Although the essential rock mechanical behaviour of rock in laboratory
conditions can be defined from test results, the next objective would be to
estimate the insitu behaviour of rock around the deposition facilities. Based on
the literature study done and the results of mica gneiss laboratory tests the
complex and heterogeneous nature of rock involves a statistical approach to
deformability and strength. In defining these behaviours, the effect of scale
and time together with chemical ( water ) and mechanical ( stress state )
environment have to be taken account. Finally, a knowledge of damaging the
process of the rock is one of the most essential factors in estimating the short
term and long term stability of rock around deposition facilities. Although the
normally used deformation and failure models are quite simple, good estimates
can be obtained if the above mentioned factors are taken account in selecting
the parameters used.
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SUMMARY

Rock strength, together with complete stress-strain behaviour of rock, in-situ
stress, rock structure and ground water conditions are essential information for
selecting the depth for the repository of high level nuclear waste. These same
factors also affect of shape and orientation of deposition tunnels and holes.
Safety during the construction period is also related to the strength of the rock
and the in-situ stress state.

The Aim of This Study

The aim of this project was to develop and qualify a suitable combination of
laboratory tests to establish statistically reliable stress-strain behaviour of the
main rock types at Posiva's detailed investigation sites.

This report summarizes the first phase of the work. It includes a ) a literature
study of characteristics, theories and testing of crystalline rock, b ) developing
and qualifying of a test program and interpretation methods and c ) testing of
Olkiluoto site mica gneiss.

Characteristic Observations of Brittle Failure

Concerning the characteristics of stress-strain behaviour and the essential
mechanisms leading to the failure of brittle rock, obvious consensus exists. In
pre-strength failure states, microcracks tend to extend in the direction of the
applied load. The crack extension is caused by tension accumulated by internal
non-homogeneity, pores and microcracks. The strength failure is caused by the
coalescence of microcracks leading finally to rupture of a specimen that is seen
as buckling, shearing or peeling-off. The macroscopic mechanisms dominate
the post failure behaviour.

As a natural material, rock is typically non-homogenous and anisotropic in the
microscopic and many times also in the macroscopic scale. This feature will
cause natural deviation in elastic and strength behaviour. The standard
deviation of the critical stress states is easily between ±5% to ±20%. The
elastic parameters are normally less sensitive than strength parameters. Also
the environmental factors, such as; temperature ,water and time affect stress-
strain behaviour.
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From the environmental factors studied the existence of water and the loading
time, or time under load, seem to have clear effects on rock strength. The
existence of water and long loading time typically decrease the strength. For
Lac du Bonnet granite / URL the crack initiation strength for a wet sample is
30% lower than for a dry one ( Lajtai et al. 1987 ). For the same rock the
increase in loading time from a few minutes to one day decreases the achieved
peak strength by 30% and the asymptote is 45% of short term strength
(Schmidtke and Lajtai 1985 ). Below 100°C, temperature alone has only a
minor effect on stress-strain and strength behaviour.

Theories Describing the Stress-Strain Behaviour of Crystalline Rock

In reality, the non-homogenous and anisotropic nature of rock makes it difficult
to set up a general valid physical model to predict the complete stress-strain
behaviour. It is even more complicated to take into account all the
environmental factors, such as; temperature and chemical reactions induced by
water and time.

Currently there are fracture mechanical theories to describe fracture initiation
and fracture growth. There are also strength theories based on macroscopic
mechanisms or empirical observations. But no general theories exist to
combine these micro and macro mechanical aspects. Because of this gap,
computational methods have been developed to take into account both the
micro and macro mechanics. For example, fracture mechanics combined with
the element method or particle mechanics have been used.

For practical engineering analysis simple physical and empirical models are
generally used because of the limited resources for investigation and relatively
high deviation in defined parameter values. The most commonly used strength
theories are Mohr-Coulomb and Hoek-Brown.

Laboratory tests to investigate crystalline rock

Large varieties of test configurations exist to investigate rock and to define
parameter values for different material models. Some of the tests are purely for
classification purposes. The uniaxial and triaxial compression tests, indirect
tensile test and fracture toughness test are the most used tests to define material
parameter values. With these tests a large variety of conduction procedures are
used.
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In this study, the monotonic uniaxial and triaxial compression tests, damage
controlled uniaxial test and direct tensile tests were carefully examined.
Problems and sources of error from sample preparation to analysis of results
were evaluated.

The studied tests were found suitable and reliable to define the stress-strain
behaviour and critical stress states of crystalline rock. If recommended
specimen handling and test procedures are used, all the errors found are
relatively small compared to the presumable deviation for rock.

In respect to the non-homogenetic nature of rock, only the hysteresis of the
circumferential extensometer used and the oil resistance of the rubber jacket
were found to have a sizable effect on the results achieved.

The hysteresis of the circumferential extensometer had an effect during the first
-0.01% of radial strain and on corresponding ranges related to load reversal.
The maximum error caused to the elastic parameters was 4.4% - 7.5% and 5%
to crack initiation and crack damage stress states.

The maximum combined error to the defined elastic parameters and critical
stress states from extensometer hysteresis and the rubber jacket in normal
triaxial test was about 10%.

Strain gauges were tested to measure the sample deformations, but compared to
direct-contact extensometers mainly disadvantages were found. The direct
contact extensometer used can reliably measure average strains of a long span
and over a large range. The installation is also quick and easy.

Interpretation of results

Because of the determined error sources in test configurations and the lack of a
clear elastic region, concern was shown over the subjective nature of defining
elastic parameters and especially the crack initiation stress. The effect of errors
and subjective selection can be over 10%. Therefore a systematic procedure to
define these parameters was developed to assure the repeatability and to
minimize the effect of subjectivity.

Acoustic emission measurements

The possible advantage of measuring acoustic emission (AE ) during uniaxial
compression and tension was studied. The measurements gave direct
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information of microcracking, compared to indirect strain measurement data.
The change in cumulative AE count behaviour corresponds well with the states
of brittle failure. The observations coincide with the idea that, if defined from
volumetric strain curves, the critical stress states correspond with dominate
fracturing behaviour. With AE the critical stress states in tension were defined.

Definition damage levels of sample before testing

Wave velocity measurements and optical microscopy were tested in order to
define the specimen damage ( microfracturing ) before loading. From thin
sections, impregnated with fluorescent resin, a visual concept of the amount,
orientation and the type of microfracturing can be achieved. The time
consumption is a disadvantage. The P-wave velocities clearly indicate the
sample damage accumulated by the loading to peak strength. The ability to
indicate minor damages was not studied.

Testing ofOlkiluoto Site Mica Gneiss

The complete stress-strain behaviour of mica gneiss from Posiva Oy's detailed
investigation site at Olkiluoto was studied with a total of 132 loading tests.
The 62 mm diameter specimens were taken from deep bore hole OL-KR10
representing the depth regions 400 - 450 m and 550 - 600m. The test program
included direct and indirect tensile tests, uniaxial and triaxial monotonic
loading tests and uniaxial and triaxial damage controlled tests. Acoustic
emission measurements were done with 19 uniaxial compression tests and four
direct tensile tests. The petrography, mineral compositions and microfractures
were observed from 16 thin sections. The other main rock type, pegmatite, was
studied with twelve specimens.

Based on the assumption that the material properties are normally distributed, a
statistical approach to complete stress-strain behaviour, elastic parameters and
critical stress states were established. The results were given in the form of
95% confidence limit for the assumed deviation. The factors affecting
measured strength and observed post-failure behaviour were also analyzed.
The new results were compared with previously ones.

As a short summary, the studied Olkiluoto mica gneiss is a brittle rock losing
it's strength quickly with Class II post failure behaviour. With 95% confidence
limit, true uniaxial compressive strength of 62 mm diameter specimen is
between 50 MPa and 105 MPa. The amount of mica defines the strength and
the failure takes place along the plane of schistosity.
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The previous studies of Olkiluoto mica gneiss have given higher strength
values, but they can be explained by smaller specimen diameter and a lower
degree of saturation.

Based on the test results recommendations concerning the future studies of
Kivetty, Romuvaara and Loviisa investigation site main rock types were given.
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OIkiluoto Borehole OL-KR10

Physical properties of specimens and test type
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60781
423 34
60803
418 38
418 59
418 63
60778
607 98
608 IB

Rock type

Mica Gneiss
Mica Gneiss
Mica Gneiss
Mica Gneiss
Mica Gneiss
Mica Gneiss
W n<",n. i
M "<J filPli.
V :a Ciieis.>
U m bnhi i
Mi j i v i '
Mi a fi H v,
Ul-+\ ii'lfl.iT
Misaijn- "JI
Mi,iGiib>"j
MI^I jn-i,-

Mica Gneiss
Mica Gneiss
Mica Gneiss

Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite

Particle
Arrangement

S2
L1
L2
S2
S2
L2
b.'
U
v»
LT

^*
SJ

L-
L2

S2
S1

L2...S2

MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO

Angle of
schistosHy

55
45
45
30
45
40

i

' 0
45
40
45
•IS

£.1)

50
40
10

30
25
20

-
-
-
-
-
-
-
-

-

Dimensions ( mm )
helgth dlatru

154.87
155.26
155.45
155.72
155.12
155.08
ISS 17
1 * 1 /
155 22
155 30
1">4 9 r

15*11
1*» 2
155 Jc
155 03
1-4<>5

15510
155 03
155 03
155 95
15518
154 52
3014
30 36
3005
29 77
30 31
3027

61.45
61.47
61.44
61.15
61.16
60.98
1 1 4
M "
C1P3
t-A .-1

r1(|7
<j1 f i n

1 1 '"S

bl \T
015-
b. K

6133
6143
6127
6153
6133
8147
6123
8126
6125
6149
6151
6146

Parallelllsm (mm)
ends sides

0.01
0.01
0.03
0.01
0.02

-
, 1.
I I-
0 02
iii"

nn
J " l
« M
df'i
012

ro.

002
001
002
001
002
004

-
-
-

-
-

0.50
1.30
0.25
0.15
0.20
0.15
1 ft
L IS
p-c
O S '
0 1 '
U15
l)5u
"20
0 40
O'jP

015
060
010
110
0 25
110

Heigh/Width
ratio

2.52
2.53
2.53
2.55
2.54
2.54

• • j

•3 ' 1

?"••
£ju

£ 5 1

"".1

2 F j

2 53
2 52
2 53
2 53
2 53
2 51
0 4 9
0 50
049
0 48
049
0 4 9

Density, dry
(kglm3)

2732.6
2683.0
2707.2
2766.9
2753.3
2735.4
•7K 6
t\\ (
,7«? fl

L | > C i

FAoi
••"'8 0
1—5^ 1

" l n 7
v <4 r

2643 7
26399
2594 9
26383
2620 5
2628 9
2593 5
25637
2578 3
26108
2607 4
26118

Density, sat
(kg/m3)

2734.6
2684.9
2768.9
2768.9
2755.0
2736.7
271 > i
97 >7
1 •«/•
J7bJi
"'CO 5
273T •>

^'41 4
«t •- i
*• 7 i ,H '

26469
2643 2
2599.3
2641 1
26229
26330
25964
2567 7
2582 5
26141
2612 0
2616 3

Porosity
p(%)

0.196
0.195
6.162
0.197
0.176
0.132
O l ' l
IMI"
JJ13
f 1-ti
0 1 V
11IV
n i r J
01 j
O I J O

0111

0327
0 326
0438
0280
0 240
0414
0293
0402
0418
0328
0466
0445

Saturation
S(%)

22.2
77.8
99.6
88.9
37.5
83.3
6 .
' j

1 ' J O
J — n

1 11

1 »
- j

I 'OO
1167
I - IOI .

267
333
550
538

118 2
1000

3 8
8 3
8 1

241
16 7
22 5

rest
Type
Uniaxial Damage Controlled
Uniaxial Damage Controlled
Uniaxial Damage Controlled
Uniaxial Damage Controlled
Uniaxial Damage Controlled
Uniaxial Damaae Controlled
~n iiial ir " _ im ijs OJI
~I •« il o"-'111 Pin iij f i 1

iiS<i il Si " 11 irr 1 1 r ' i i '
T"i n il "1 - "i L' mi »,- C n1

Control
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate

• L I ' K .I'.li 1 r ,.,
1 P1 * 1 Mr n P11

Jr,F ut-IMmnh y i
•A* I-Tt il blnin 1 •••

Tn n i l 5 ! . .-.nL uni'j L'r1roHM-ift.'l ir m n i l
Tn-'iil > = . J D irra-]> oon'r jllc II241I S.tr mi F •• <
~n «i ll,. - -3 0 Pin a ,H Ci 11
IriivnlS 'CL HI 11 i1

>ii-i»uil<- -1 i n n 111 Ci if
~< *• • ' ni-njpr,,,!,

Spare
Spare
Spare

Uniawal
Uniaxial
Umaxial Damage Controlled
Umawal Damage Controlled

_'i» r I hiisn 'i-i-iin
II • h 11 il Mr < h l
•lh ri-til Linn 1 'li

nil '-iniisiriinl-it

Radial Strain Rate
Radial Strain Rate
Radial Strain Rate

Radial Strain Rate
Radial Strain Rate
Racial Strain Rate
Racial Strain Rate

Tnaxial Sc=3 Damage Controlled Racial Strain Rate
Tnaxlal Sc=3 Damage Controlled Radial Strain Rate
Indirect Brazil
Indirect Brazil
Indirect Brazil
indirect Brazil
Indirect Brazil
Indirect Brazil

Actuator Displacement
Actuator Displacement
Actuator Displacement
Actuator Displacement
Actuator Displacement
Actuator Displacement

Loading rate
0.75
0.75
0.75
0.75
0.75
0.7B

—

C~5
-=
—

1 "

1 1 " * •»

1 1 • * '

r ••"

075
075
075
075
0 75
0 75

0 2
0 2
0 2
0 2
0 2
02

ippend



OIkituoto Borehole OL-KR10

Test Results

dmpth

(ml

404 SI
430 69
442 66

S74 31
581 59
563 44
402.01
402.17
402.51
434.86
439.10
586.03
588.10
592 48
400 01
404 75
406 36
436 53
5G2 43
57415
58143
587 94
39975
438.78
564.96
575.47
586.19
394.29
422.94
433.64
419 29
435 24
438 94
583 43
397.23
398.77
401.68
421.18
553.01
555.80
557.46
570.83

Roektypa

Mica Gneiss

Mica Gneiss

Mica Gneiss

Mica Gneiss

Mica Gneiss

Mica Gneiss

M<caGnolss

Mica Gneiss

Mica Gneiss

Mica Gneiss

Mica Gneiss

Mica Gneiss Uniaxlal AE

Mica Gneiss

Mica Gneiss

Mfca Gneiss

Mica Gneiss

Mica Gneiss

Mica Gneiss

Mica Gneiss

Mica Gneiss

Mica Gneiss

Mica Gneiss Unlaxial

Mica Gneiss Unlanal

M.ca Gneiss Unlanal

Mica Gneiss

Mica Gneiss Ui

Mica Gneiss

Test

Type

Uniaxial

Unlanal

Uraanal

Uniaxial

Unlaxial

Unlaxial

Unlanal

Unlaxial AE

Uniaxlal AE

Unlaxial AE

Uniaxlal AE

Uniaxlal AE

Uniaxlal AE
Uniaxlal AE

Utiiaxnl

Unlaxial

Umaxial

Uniaidal

umaxlaf

Unlaxial

Unlaxial AE

Mica Gneiss Uniaxlal AE

Inlaxlal AE

Unlaxial AE

Mica Gneiss Uniaxlal AE

Mica Gneiss Unlaxial AE

Mica Gneiss Uniaxial AE

Mica Gneiss Unlaxial Diy AE

Mica Gneiss Unlaxial Dry AE

Mica Gneiss Umaxlal Dry AE

Mica Gneiss Uniaxial Oiy AE

Mica Gneiss Triaxial Sc=0.5

Mica Gneiss Triaxial Sc=0.5

Mica Gneiss Triaxial Sc=0.5

Mica Gneiss Triaxial Sc=0.5

Mica Gneiss Triaxial Sc=0.5

Mica Gneiss Triaxial Sc=0.5

Mica Gneiss Triaxial Sc=0.5

Mica Gneiss Triaxial Sc=0.5

Control

Radial Strain Rate-

Radial Strain Rate

Radial Strain Rate

Rddlal Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Roto

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rale

Radial Strain Rate

Radial Strain Rate

Radial Strain Rota

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rale

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rale

Radial Strain Rate

Radial Strain Rate

Radial Strain rials

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Loading rare Date

0 0075
0 0075
00075
0 0075
00075
0 0075
00075
0.0075
0.0075
0.0075
0.0075
0.0075
0.0075
0.0075
00075

075
0 75
075
07S
0 75
075
076
075
075
0.75
0.75
0.75
0.75
0.75
0.75
0.75
075
0 75
075
0 75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75

j m > •

224199S
24 41996
25 4 1996
24 41996
764 1998

751996
15 4 1996
8.10.1996

11.10.1996
27.9.1996
26.9.1996
24.9.1996
25.9.1996
16.9.1996
20 9 1996
2241996
27 41998
2341996
23 41996
2241996
244 1998
234 1996
23 41996
IS 41996
24.9.1996
25.9.1996
24.9.1996
24.9.1996
12.9.1996
18.9.1996
13.9.1996
26 9 1096
269t9<)6
24 9199B
24 91996
13.5.1996
22.5.1996
29.5.1996
2S.6.1996
14.5.1996
22.5.1996
17.6.1996
26.6.1996

Elastic param.

E
,G"i

53 9
447
55 6
571
607
52 6
581
73.3
66.7
66.4
38.7
48.1
58.7
55.9
629
638
62 2
688
453
617
566
555
671
681
50.4
60.9
61.8
54.9
57.0
77.3

71 9
571
551
596
69.9
72.0
76.5
68.1
71.3
65.7
58.0
66.8

V

C Tv^m I
0 27
0 29
0 28
027
028
028
0 29
0.30
0.23
0.27
0.34
0.30
0.27
0.26
0 2?
030
0.27
025
032
028
031
032
0 21
023
0.33
0.29
0.29
0.27
0.28
0.23

0 26
028
0 25
024
0.19
0.19
0.19
0.17
0.22
0.20
0.19
0.17

Cent. pres.
o3

,'UFjJ
00

oo
00
oo
0 0
00
0 0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0 0

00
0 0

oo
0 0
0 0
00
0 0
00
0 0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
00
00
00
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

Critical stress states
"a

i "°u i
400
361
37 6
140
42 0
42 4
401
59.2
59.3
64.4
33.7
32.6
41.5
49.2
•52 4

50 4
504
611
347
425
434
412
522
505
40.0
53.9
44.1
44.6
46.6
94.2

358
515
43 8
80 8
48.7
54.1
68.5
61.3
46.0
43.6
42.4
44.1

Ow

«f,,
772
638
65 4
690
722
635
662
85.7
107.3
111.7
39.8
43.1
65.5
59.8
86 5
85 3
97 2
1341
689
87 2
871
83 5
1087
851
62.7
105.2
97.9
68.3
102.3
158.2

-
156 2
939
861
107?
92.0
99.3
154.1
87.6
59.8
81.1
77.2
76.3

°p
I'VFHI

98 8
78 4
782
91 1
899
70 6
819
132.7
117.4
137.2
45.2
48.3
87.9
71.0
10*1
1045
116.2
162 4
87 7
94.2
94 5
1051
1181
122 7
76.0
129.0
115.8
72.1
118.8
175.7
35.7
1838
1158
915
1160
94.9
111.9
168.2
88.5
79.1
96.6
83.8
86.1

Critical axial strains

f rm'rrrr i

7 50E4
7 60E4
7 06E-4
8 26E-4
674E4
8 24E-4
6 95E-4
9.50E-4
9.49E-4
1.10E-3
9.00E-4
7.50E-4
7.16E-4
9.87E-4
1 05E3
8 50E4
850E4
9 48E-4
723E-4
6 50E-4
7 50E4
750E-4
818E-4
8 01 E-4
7.45E-4
9.13E-4
7.50E-4
8.64E-4
8.00E-4
1.24E-3

1 20E-3
8 71E4
7 57E4
1 O"SE 1

7.50E-4

7.72E-4

9.57E-4

9.26E-4

7.41E-4

7.00E-4

8.00E-4

8.00E-4

rn'iri)

1 37E-3
141E3
124E3
1 28E-3
1 19E3
1 24E-3
117E3
1.30E-3
1.67E-3
1.73E-3
1.07E-3
1.00E-3
1.20E-3
1.15E-3
1 47E3
137E3
1 59E-3
2 05E3
154E3
141E3
157E1
155E3
171E3
136E3
1.21E-3
1.72E-3
1.61E-3
1.30E-3
1.84E-3
2.09E-3

2 27E-J
169E3
1 58E-3
1B8E3
1.50E-3
1.50E-3
2.20E-3
1.37E-3
9.27E-4
1.30E-3
1.45E-3
1.30E-3

E»
fnf'l'nr»i)

195E1
2 01E-3
163E-3
1 73E-3
161E3
145E3
151E3
2.11E-3
1.85E-3
2.37E-3
1.23E-3
1.20E-3
1.69E-3
2.40E-3
1 82E3
181E3
2 08E3
269E3
2.29E3
153E3
178E3
220E3
I90E3
2 37E3
1.65E-3
2.17E-3
1.99E-3
1.39E-3
2.33E-3
2.38E-3
7.17E-4
2 91E3
?16E3
172E3
1OTE-3
1.60E-3
1.84E-3
2.55E-3
1.39E-3
1.16E-3
1.61E-3
1.66E-3
1.86E-3

Critical radial strains
Cid

,nnrril

101E4
-13OE4
-I09E-4
•1 10E 4
-121E4
103E-4
105E-4

-1.38E-4
-1.22E-4
-1.45E-4
-1.52E-4
-1.17E-4
-1.11E-4
-1.03E-4
1 24E4

•1 41 E-4
-1 41E-4
-1 4fiE 4
-I 33E-4
1.27E-4

-13BE-4
-1 59E-4
1 176-4
148E-4

-1.69E-4
-1.B5E-4
-1.41 E-4
-1.16E-4
-1.66E-4
-2.31 E-4

-2 23E-4
-16CE4
1 11E4

-1 57E-4
•1.03E-4

-1.16E-4
-1.58E-4
-1.27E-4
-1.24E-4
-1.20E-4
-1.07E-4
-1.35E-4

End

imvmi
-3 34E-4
-3 7CE-4
310E4
2 80E4
-3I4E-4
•2 67E 4

2B5E4
-2.76E-4

•3.93E-4

-4.28E-4
-2.23E-4
2.20E-4
3.30E-4

-1.58E-4
3 18E -1

3 82E4
-4 1BE-4
5 02E-4
4 38E4

-3 87E4
-4 53E-4
-4 57E-4
4 04E4

-J 79E 4
•3.76E-4
•4.85E-4
•4.60E-4
-2.76E-4
-5.61 E-4
-5.25E-4

-
-6 06E4
-4 58E-4
-3 96E-4
•4 38E 4

-3.29E-4
-3.71 E-4
-5.37E-4
-2.54E-4
•1.87E-4
-3.13E-4
-2.97E-4
-2.67E-4

fip

rtVm

•1 19E3
872E-4

•660E4
6C7E4

-7 39E 4
4 22E-4
5 15E-*

-1.62E-3
-5.03E-4
-1.28E-3
-3.42E-4
3.30E-4

•8.68E-4

-3.64E-3
1 01E1
7 85E-4
112E3
131E3
1 13E3

-4 80E-4
5 88E-4
115E3
5 66E-4
1 19E3

-7.29E-4
-8.77E-4
-8.07E-4
-3.52E-4
-9.18E-4
-7.76E-4
-1.32E-4
1 35E-3
7 65E4
-4 69E4
5 3 J E 4

•3.91 E-4
•6.51 E-4

-8.28E-4
-2.67E-4
-8.91 E-4
-5.45E-4
•4.62E-4
-8.91 E-4

Volumetric Strain

mr i**r i ' i ('

0 00E*O
OOOEtO

OOOE+0

OOOE+0

OOOE+0

OOOEtO

OOOE+G

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

OOOEtO

OOOE+0

OOOE+0

OOOEtO

OOOE+0

OOOE+0

0 00E.rO

OOOE+0

OOCE+0

oqoE+o
O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0
-

OOOE+0

OOOE+0

OOOE+0

OOOEtO

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

» ' h ' 1

7 47E-4
717E4
650E-4
7 54E4
591E4
7 72E4
6 50E 4 «
7.60E-4
9.23E-4
1.02E-3
6.23E-4
5.59E-4
7.00E-4
8.49E-4
IPfE J

6 40E 4
791E4
'08E3
7 04E4
6 49E4
6 97E4
b39E4
9 40E4
7 87E4
4.93E-4
7.80E-4
7.28E-4
8.07E-4
7.58E-4
1.07E-3

1 04E-3
8O4E4
7 75E4
101E3
8.57E-4
7.55E-4
1.12E-3
8.53E-4
5.53E-4
6.77E-4
8.55E-4
7.80E-4

n

X
K
i

*c
ore
n



Olkiluoto Borehole OL-KR10

Test Results

Sptelmtn
depth

r " '
395 64
428 81
432 49
43710
S5C89
55213
567 91
562 50
39719
398.93
401.84
434.58
553.17
555.96
557.62
570 9D
395 80
428 98
432 65
437 26
55105
552 34
568 07
582 66
397.55
399.09
422.61
433.35
556.13
557.78
571.15
576.55
553.33

Rocktypm Test
Type

Mica Gneiss Tnaxlal Sc=1

Mica Gneiss Tnanal Se=1

Mica Gneiss TflanaJ Se=1

Mica Gneiss Tnaxial Sc-1

Mica Gneiss Triaxlal Sc=1

Mica Gneiss Triaxial Sc=1

MKaGntlssTrlaxialSc--i

Mica Gneiss Triaxial Sc=1

M i n Bnfi .s Tndxial Sc-3

Mica Gneiss Tnaxial Sc=3

Mica Gneiss Triaxial Sc=3

Mica Gneiss Triaxial Sc=3

Mica Gneiss Triaxlal Sc=3

Mica Gneiss Triaxlal Sc=3

Mica Gneiss Triaxial Sc=3

Mica Gneiss Triaxlal Sc=3

Mica Gneiss Tnaxial Sc=S

Mica Gneiss Trlanal Sc=5

Mica Gneiss Waxtal Sc=5

Mica GnoBS Triaxlal Sc=5

Mica Gneiss Triaxlal Sc=5

Mica Gneiss Triaxial Sc=5

Mica Gneiss Triaxial Sc=5

Mica Gneiss Tnaxlal Sc=S

Mica Gneiss Triaxlal Sc=16

Mica Gneiss Triaxlal Sc=15

Mica Gneiss Triaxlal Sc=15

Mica Gneiss Triaxlal Sc=15

Mica Gneiss Triaxlal Sc=15

Mica Gneiss Triaxlal Sc=15

Mica Gneiss Triaxial Sc=15

Mica Gneiss Triaxial Sc=15

Mica Gneiss Triaxial Sc=15

Control

Radial SW'n Rate
Radial Strain Rate
Radial Strain Rale
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Raia
Hddial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
nadhl Slraln Rate
Radial Slraln Rate
Radial Strain Rate
Radial Slraln Rale
Radial Strain note
Radial Slraln Rate
Radal Strain Rate
Radial Strain Rale
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate
Radial Strain Rate

Loading ratt Date
!'(-« si (d- vl

0 75
0 7S
075
075
0 75
075
075
0 75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0 7S
0 75
0 75
0 75
0 75
0 7")
0 75
076
0 75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75

14 5 1996
22 51996
1761996
26 61996
15 51996
23 51996
2061996
2661996
15.5.1396
27.5.1996
24.6.1996
3.9.1996

15.5.1996
28.5.1996
25.6.1996

3 0 1906
15 51996
28 51996
25 61996
4 9 1996

165 1996
28 51996
2561996
4 91996

23.5.1996
20.6.1996

2.9.1996
3.9.1996

24.6.1996
3.9.1996
4.9.1996

20.6.1996
23.5.1996

Elastic param.
E

(art 1
520
654
50 3
628
49 8
713
661
643
66.7
72.2
75.0
52.8
60.7
61.6
70.7
5 5 ?

550
44 0
549
546
57 6
601
671
646
67.8
70.8
75.6
60.7
55.1
69.6
58.1
73.5

V

;•>»•.» i

0?6
035
0 24
016
022
020
017
017
0.20
0.17
0.16
0.20
0.23
0.19
0.17
0 21
025
019
0 21
0 21
025
0 28
019
017
0.22
0.19
0.17
0.19
0.20
0.16
0.20
0.15

Conf. pres.
03

<*V.l'

10
10
1 0

10
10
10
10
10
3.0
3.0
3.0
3.0
3.0
3.0
3.0
1 0

50
50
50
50
50
50
50
50
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0

Critical stress states

(VFa)

41 6
307
36 3
625
481
551
50 7
580
15.9
48.8
75.0
38.4
42.3
61.6
58.2
47 1

444
417
48 3
640
484
384
589
49 8
84.1
102.5
98.3
58.2
57.3
88.2
58.4
75.4

6G6
30 7
610
B19
75 4
75 3
928
89 3
81.5
114.4
143.4
69.0
80.5
101.7
115.6
61 0
950
72?
66 8
87 3
1114

57 5
103?
426
147.9
147.5
223.1
110.7
118.8
150.1
114.5
139.8

I'MT

77 4
39 4
649
833
104 9
908
105 4
10? 2
94.4
126.2
168.6
71.3
93.2
104.5
121.2
63 3
95 5
72 2
700
960
1371
95 0
105 6
99 5
160.5
166.1
23B.2
112.3
127.3
156.2
118.2
145.1

Critical axial strains
e.d

(mn'mn)
8 31E4
5 00E4
650E-4
9 93E4
120E3
900E4
8 00E-4
9 3PE-4
7.29E 4
6.50E-4
1.00E-3
6.50E-4
7.10E-4
7.14E-4
8.00E-4
8 00E4
7 50E-4
927E-4
7 53E-4
105E-3
800E-4
6O0E-4
8?6E-4
7.27E-4
1.10E-3
1.25E-3
1.05E-3
7.00E-4
7.50E-4
1.05E-3
7.50E-4
8.00E-4

>» I ' ¥ 11

135E3
500E4
120E3
144E3
175E3
120E-3
150E3
150E-3
1.35E 3
1.70E-3
2.00E-3
1.41 E-3
1.35E-3
1.28E-3
1.70E-3
1 10E3

1 95E-3
1 81E-3
1 10E3
160E-3
1 95E-3
919E-4
153E3
1 45E-3
2.00E-3
2.05E-3
2.90E-3
1.80E-3
2.13E-3
2.00E-3
2.00E-3
1.85E-3

<*>
(nnnr*)

164EJ
6S5E-4
135E-3
1 48E-3
2 68E3
141E3
1 84E-3
188E-3
1.6CE J
2.01 E-3
2.55E-3
2.20E-3
1.68E-3
1.34E-3
1.85E-3
1 26E1
193E3
181E3
1 19E3
2 0BE-3
2 74E3
2 84E3
1 57E-1
159E-3
2.33E-3
2.83E-3
3.22E-3
1.93E-3
2.57E-3
2.12E-3
2.25E-3
2.03E-3

Critical radial strains
£,d

[ / rV*l HP*)

-1 50E 4
-7 05E5
1 11 E-4

-1 38E-4
-1 62E 4
-1 19E-4
1 14E-4

-1 28E-4
1.04E «

-1.07E-4
-1.48E-4
-1.08E-4
-1.31 E-4
-1.22E-4
-1.29E-4
1 OTE4
161E4

-1 45E 4
-I21E-4
-184E-4
-1 81 E-4
-138E-4
135E-4

-1 17E-4
-2.28E-4
-2.50E-4
-1.44E-4
-1.26E-4
•1.25E-4
-1.52E-4
-1.36E-4
-1.11E-4

E*d

ii n"ri i

-3 42E-4
•7 05E-5
•3 02E 4
2 79E-4

-3 66E-4
•2 09E-4
3 75E4

-3 23E-4
2.85E 4

•4.16E-4
-4.17E-4
•3.16E-4
-3.34E-4
-3.03E-4
-3.82E-4
1 01E4

•6 01E-4
-3 59E-4
211E4

-3 75E-4
-5 62E-4
249E-4

-3 44E 4
-323E4
•5.37E-4
-4.99E-4
-6.91 E-4
-4.69E-4
•5.85E-4
•3.94E-4
-5.37E-4
-3.85E-4

I / unru )J
5 64E4

-2 OBE-4
-3 95E-4
•3 01E4
171E3

-4 34E4
•610E-4
•6 89E-4
5.38E 4

-6.42E-4
-1.19E-3
-4.49E-4
-6.00E-4
-3.38E-4
-4.60E-4
3 02E4
5 88E4

-3 59E 4
2 71 E-4

-869E-4
-1 BSE 3
-1 95E 3
-367E-4
-4 39E4
-7.92E-4
-1.30E-3
-8.75E-4
•5.46E-4
-9.55E-4
-4.76E-4
-6.81 E-4
•5.06E-4

Volumetric Strain

Hl'ir'l i

OOOE+0

OOCEtO
OOOE+0

OOOE+0

OOOE+0

OOOE+0

OOOE+0

OOOE-iO

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

0 ODE+0

OOOE+0

OOOE+0

OOOE+0

OOOE+0

0O0E-.0
OOOEtO
OOOE+0

OOOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0

O.OOE+0
_

e,.af

Tim3 finm3 )

6.64E-4
3.59E-4
5J9E-4
8.79E-4
1.03E-3
7.68E-4
8.49E-4
8.58E-4
7.75E-4
8.73E-4
1.17E-3
7.77E-4
6.94E-4
6.77E-4
9.43E-4
7.15E-4
7.57E-4
1.09E-3
6,91 E-4
8.44E-4
8.46E-4
4.20E-4
B.44E-4
8.06E-4
1.10E-3
1.05E-3
1.53E-3
8.68E-4
9.66E-4
1.21 E-3
9.35E-4
1.08E-3

§
a.
x
to
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OIkiluoto Borehole OL-KR10

Test Results

dtpth

("I

395 57

395 61

397 18

397 20

42040

428 78

435 B5

437 03

437 07

44180

55913

55917

56512

56516

565 20

571 39

57'43

571 78

574 79

57482

~"406.00"

422.77

429.14

432.81

435.89

437.42

442.92

563.28
565.37
566.15
569.79
571.46
571.62
575.15
576.39
5*2 J1
334 13

397 88

39818

55953

Rocktfp*

Mica Gneiss Indirect Brazil -

Indirect Brazil • PaS

• PeS

Indirect Braz»-PaS

PeS

PaS

Mica Gneiss ndirect Brazil -PeS

Mica Gneiss Indirect BrarP •

Mica Gneiss

McaGnetes

MIcaGnebS

Mica Gneiss Indirect Brazil -

Mica Gnnfcs Indirect Braid

Test

Type

Mil

Mica Gneiss

Mica Gneiss

Mica Gneiss

PeS

PaS

Mica Gneiss ndirect Brazil -PeS

-PeS

-PaS

MIcaGneu ndirect Brazil PeS

Mica Gneiss Indirect Brazil PaS

Mica Gneiss Indirect Brazil • PeS

PaS

Indirect Brazil-PaS

PeS

Mica Gneiss ndirect Brazil - PaS

ndirect Brazil-PaS

PeS

Mica Gneiss Indirect Brazil

Mea Gneiss Indirect Brazil -

Mica Gness Indirect Brazil -

Mica Gneiss Indirect Brazil

Mica Gneiss

Mica Gneiss Indirect Brazil

Mica Gneiss

MreaGness Indired Brazl

Gneiss Direct Tension

Direct Tension

Mica Gneiss Direct Tension

Mica Gneiss Direct Tension

Mica Gneiss Direct Tension

Mica Gneiss Direct Tension

Mica Gneiss Direct Tension

Mica Gneiss Direct Tension

Mica Gneiss Direct Tension

Direct Tension

Direct Tension

Mica Gneiss Direct Tension

Mica Gneiss Direct Tension

Mica Gneiss Direct Tension

Mica Gneiss Direct Tension

Mica Gn«iss Direct T> nsi n

Mica Gneiss Direct Tens,on AE

Mica Gneiss Dirert Tension AE

Mica Gneiss Direct Tension AE

Mua Gneiss Direct Tereslon AE

Control

Actuator Displacement

Actuator Displacement

Actjator Displace™"!

Actuator Displacement

Actuator Displacement

Aclualar Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Adualor Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

AUualor Displacement

Actuator Displacement

Actua'or Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

Ajruator Dicpld^ni-nf

Actuator D^pldCfniCnt

Actualor Displacement

Actuator Displacement

Atfnntnr DISDlqcement

Loading ratt Date

iVa si <d" v )
OP
02
02
02
02
02
02
02
Of
02
02
0.2
02
02
02
02
02
02
02
02

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

;~s
0 75
0 75
0 75
075

14 B1996
14 81996
14 81996
14 8 1996
14 8 1996
M 8 1996
14 81996
14 8 1996
MB 19%
14 81996
14 81996
14.8 1996
14 8 1996
14 8 1996
14 81996
14B.1996
14 81996
14 81996
14 81996
14 81996
15.7.1996
15.7.1996
15.7.1996
15.7.1996
15.7.1996
15.7.1996
15.7.1996
15.7.1996
15.7.199G
15.7.1996
15.7.1996
15.7.1996
15.7.1996
15.7.1996
15.7.1996

1 5 " <9Su

75 9 19%

25 91995
25 91996
25 9199b

Elastic param.
E

-

•

•

-

-

-

•

•

-

-

-

-

48.1
71.1
59.8
44.6
45.3
46.3
48.2
44.3
44.6
50.8
30.9
33.4
19.9
47.9
51.6

- 9 1

1 6 7

49 2
35 0
177

v
tnri

•

-

-

-

-

-

-

-

•

•

-

-

0.04
0.09
0.11
0.03
0.05
0.08
0.06
0.05
0.03
0.06

-
0.03
0.02
0.05
0.08
C 3 '

005
0 07
006
-001

Conf. pres. Critical stress states

Ca Co, OB

( MPn 1 r MPl' ('."-»)

110
1J3
64
45
126
73
134
12 3
105
95
91
7 6
104
12 9
10 9
69
75
64
II 1
135
-8.1
-9.8
-10.7
-8.2
-6.2
-7.4
-7.6
•6.8
-6.3

-9.6
-2.7
•6.3
-3.3
-8.2
•9.3
."» Q

-5 7

-6 9
61

•6 1

Critical axial Strains

£« Cm
(-mtovnt (-n-^rrt

.

-

-

-

-

•

Critical radial strains

-1.80E-4

-1.34E-4

-2.03E-4

-1.86E-4

-1.64E-4

-2.06E-

•2.05E-4

•1.80E-4

•1.80E-

-2.14E-

-1.90E-

-2.22E-
-2.48E-

-2.13E-

-2.03E-

3 'BE 4

•4 45E'

-1 35E-4

-2 19E-4

-3 74E-4

5.84E-6

1.22E-5

1.46E-5

2.29E-6

5.63E-6

6.06E-6

8.57E-6

9.32E-6

8.36E-6

6.21E-6

6.37E-6

4.36E-6

7.64E-6

1.38E-5

P 5 1 F "

8 88E-6

9 33E-6

6 95E-6

-(3 606-6

folumetric Strain

0 POE+0

OOOEtO

0O0E+O

OOOEtO

0 0CE+O

OOOE+0

000E+0

OOOE+0

0O0E+O

0 OtlE+0

0 OOE+0

OOOE+0

O00E+0

0O0E+0

0 00E+0

OOOEtO

OOOE+0

000E+0

O.OOE+0

0.00E+0

O.OOE+0

O.OOE+0

O.OOE+0

0.00E+0

0.00E+0

0.00E+0

0.00E+0

0.00E+0

0.00E+0

0.00E+0

O.OOE+0

0.00E+0

0.00E+0

0.00E+0

O.OOE+0
0.00E+0
0.00E+0
O.OOE+O

I
to



Olkiluoto Borehole OL-KR10

Test Results

dtpth

(m)

399.26
400.55
441.58
559.70
569.95
5"M "
10017
42C45
44128
44185
55870
558 97
56611
566 47
574 63
575 31

41320
606 58
418 42
607 SI
423 34
C0803
41838
418 59
418 63
60778
607 98
60819

Rock type

Mica Gneiss

Mica Gneiss

Mica Gneiss

Mica Gneiss

Mica Gneiss

Pegmatite

Pegmatite

Pegmatite

Pegmatite

Pegmatite

Pegmatite

Pegmatite

Pegmatite

Pegmatite

Pegmatite

Pegmatite

Pegmatite

Test

Type

Uniaxial Damage Controlled

Unlaxlal Damage Controlled

Uniaxlal Damage Controlled

Uniaxial Damage Controlled

Uniaxlal Damage Controlled
gvlol Qa

Control

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Mica Gneiss Trlanai 3e=3 0 Damage Conlroliet Radial Strain Rate

Mica Gneiss Trianal S o 3 0 Damage Contralto Radwl Strain Rale

Mica Gneiss Tnaxlal Sc*3 0 Damage ControKec Radi<il Strain Rate

Mica Gneiss T I U B M I Se=3 0 Damaqe ControHec Radial Strain Rate

Mica Gneiss Trfaxnl Sc=3 0 Damaqs CcntroUac Radial Strain Rate

Mica Gneiss Triaxlal Sc=3 0 Damage Controller. Radial Strain Rale

Mica Gneiss Triaxlal Sc=3 0 Damage ControBoc Radial Strain Rate

Mica Gneiss Trianal Sc=3 0 Damage ControKec Radial Shan Rate

Mica Gneiss Triaxial Se=3 0 Damage Controller. Radial Strain Rale

Mica Gneiss Tnaxlal Sc=3 0 Damage Conlrolkx Radial Strain Rate

Uniaxlal

Uruaxal

Uniaxial Damaqe Controlled

Unlaxial Damaqe Controlled

Tiiaxial Sc=3 Damaqe Controlled

Tnaxlal Sc=3 Damage Controlled

Indirect Brazil

Indirect Brazil

Indued Brazil

Indirect Brazil

Indirect BrazH

Indirect Brazil

Loading ran Date
(MPa/s) (d.m.y)

0.75 7.6.1996
0.75
0.75
0.75
0.75

Radial Strain Rate

Radial Strain Rate

Radial Strain Rato

Radial Strain Rate

Radial Strain Rate

Radial Strain Rate

Actuator Dteplacempnt

Actuator Displacement

Actuator1 Displacement

Actuator Displacement

Actuator Displacement

Actuator Displacement

10.6.1996 68.0
11.1.

11.1.

12.1.

0""5

0 75

0 75

0 75

0 75

0 75

075

0 75 31

0 75 1

0 75

075

1900 54.9
1900 52.2

i ? i n"o e* °
73101996 681
24101996 73 2
28101998 52 9
29101996 497
30101996 66 4
31101996 62 3

111996 667
4 11 1996 62 3
5 111996 707

075 2341996 649
075 234 1996 546
075 131 1900 646
0 75 14111
075 6111996887
075 7111996 54 5
02 14 81996
02 14 81996
02 14 81996
02 14 81996
0? 1481996
02 1481996

Elastic param.
E v

(GPa) (mm/mm)
75.2 0.33

0.26
0.28
0.30
0.28
0 27
021
018
020
021
021
017
019
0 24
021
018

026
029
037
0 25
0.23
0 21

Conf. pres.

O\)

(MPa)
0.0
0.0
0.0
0.0
0.0
0C
30
30
30
30
30
30
30

ao
30
30

00
00
00
00
30
30

Critical stress states
Od

(MPa)
66.4
58.8
55.9
40.0
61.7
45 4
597
58 4
310
48 7
45 5
53 3
57 9
687
606
75 1

48 6
439
594
897
87 7
495

-
-
-

-
•

Oca

(MPa)
106.3
113.1
74.8
75.3
97.8
PS 4

1219
1215
76 3
670
107 6
1021
1219
1086
1092
1169

934
74 5
900
886
14S6
1041

-
-
-
-
-

Op

(MPa)
119.3
143.6
75.9
88.6
110.6
89 3
129 8
1289
801
68 a
1145
108 3
1275
1172
1163
1169

122 1
991
114 4
972
1787
1227
55
44
5 3
70
54
50

Critical axial strains
£ « *

(mm/mm )

9.70E-4
6.89E-4
1.01E-3
8.09E-4
9.81 E-4
711E4
7 32E-4
812E-4
4 73E4
834E4
603E-4
805E4
7B1E4
989E4
8 70E-4
9 57E-4

9 50E-4
1 05E3
125E-3
120E3
100E-3
8 58E-4

( nwrtfrnrn )

1.54E-3
1.91E-3
1.43E-3
1.47E-3
1.50E-3
1 31E3
166E3
164E3
1.29E3
130E3
153E3
157E-3
174E-3
163E-3
165E3
1 62E-3

165E3
160E-3
174E-3
146E-3
211E3
1696-3

-
-
•

-

•

(mm/mm)

1.77E-3
2.12E-3
1.48E-3
1.75E-3
1.76E-3
1 3 K E 3

180E3
177E3
146E3
140E-3
1 70E-3
1 72E-3
191E3
183E3
181E3
1 63E-3

240E-3
211E-3
213E3
160E-3
2 S6E 3
207E-3

•

-

Critical radial strains
e™

(mm/mm)

-2.42E-4
-1.84E-4
-2.11 E-4
-1.44E-4
-2.04E-4
1 3"E4

-1 48E-4
-1.25E-4
-8 G9E-5
-1 82E-4
I 13E-4

-I38E-4
-1 35E-4
-2 07E-4
167E-4

-166E4

060E-5
-146E4
-2 28E4
•184E-4
197E-4

•138E-4
•

-

•

•

(mm/mm)

-4.84E-4
-5.60E-4
-3.75E-4
-4.12E-4
•4.05E-4
3 52E 1
4 20E4

-342E-4
-3 05E-4
-3 22E-4
•3 58E-4
3 04E-4
•J73E-4
-4 07E-4
4 02E-4

-3 20E-4

-3 1SE-4
-3 60E 4
•4 3JE-4
•2B0E-4
•6 08E-4
-3 81E-4

E»p

(mm/mm)

•6.69E-4

-7.30E-4
-4.16E-4
-6.44E-4
-6.11 E-4
4 01E4
5 71E4

-4 94E-4
-4 40E4
3 76E4

-4 88E-4
-4 05E-4
5 07E-4
5 79E4

-5 57E4
326E4

187E3
1 11E3
7 27E-4
•4 14E-4
9 81E4
9 28E-4

Volumetric Strain
£>.,<«

(mm3Mm3 ) (mm3/mm3)

-1.98E-6
-1.08E-5
-1.77E-5
•1.09E-5
-3.04E-6
1 ijHr 6
6 ME 5
177E-6
9B0E6

•3 45E 5
2 24E5

-194tS
-1 98E-6
2 32E-6
2 04E-6

-<> 19E-7

OOOE+r)

000E+0

-3 60E 6

7 24E9

77">E7

3 4SE-6

0 00E*0

OGOEtO

OOOE -̂0

000E--0

OOOE^O

OOOE-0

5.77E-4
7.89E-4
6.82E-4
6.45E-4
6.93E-4
G 03E-4
8 6E-4
9 S8E-4
6 /8E-4
6tiOE-4
8 16E-4
9 07E-4
915E-4
8 19E-4
8 51E-4
9 78E-4

8 85E-4
8 75E-4
9 01 E-4
8S6E-4
9 11E-4

3
CD

X
to
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Appendix 3 - page 1

Cumulative Probability

100%

80%

60%

40%

20%

0%

Olkiluoto KR10 Mica Gneiss
Direct Tension

• Young's Modulus, n=20

Normal Distribution. n=20

— x — Average, n=20

— i — 9 5 % Confidence (or
St.Deviation, n=20

43

20 40 60

Young's Modulus (GPa)

80 100

Deviation of Young's modulus in direct tensile test

Cumulative Probability

100%

80%

60%

40%

20%

0%

Olkiluoto KR10 Mica Gneiss
Uniaxial, 0.0075 MPa/s

• Young's Modulus, n=15

Normal Distribution,

- x — Average, n=15

• n — 95% Confidence for
StDeviation, n=15

20 40 60

Young's Modulus (GPa)

80 100

Deviation of Young's modulus in uniaxial compression test,
0.0075 MPa/s
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Cumulative Probability

100%

80%

60%
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